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Abstract 
 
Increase in the earthquakes in the State of Oklahoma in recent years has been 
tremendous with wastewater disposal considered to be the primary reason behind 
this increase. A large quantity of wastewater is being injected in the Arbuckle-
Group and the connected basement in North Central Oklahoma. Because they are 
not hydrocarbon-bearing, very little information is available about these formations 
in the region. Additionally, there is a need to understand the dynamics of 
wastewater disposal process in order to design safe operational practices with 
proper monitoring. This thesis attempts to address both of these issues. 
A major goal of this study is the characterization of the Arbuckle-Group which 
has been the primary disposal zones in North Central Oklahoma. To better 
understand the potential hydraulic coupling between the Arbuckle and underlying 
basement, an integrated subsurface characterization effort has been undertaken to 
this front by a team of earth-scientists and petroleum engineers. This thesis 
emphasizes the engineering aspect of that effort focused on Payne County in North 
Central Oklahoma. Geophysical, geological, and experimental data from various 
sources have been acquired, analyzed and employed in the model construction of 
the disposal zones in this area. Injection volumes, wellhead pressure data and well 
completion reports from 29 injection wells in the study area are acquired from 
Oklahoma Corporation Commission.  Using a modified-Hall analysis which 
formed the basis of the work, I constructed a 3D simulation model of the Arbuckle-
Group and the underlying basement that defined the lateral distribution, 
xxiv 
 
petrophysical properties (including porosity and permeability), and major fault 
surfaces integrating the available static and dynamic data to characterize the 
disposal zones, I found the average porosity and permeability of the Arbuckle 
Group to be around 7% and 10 mD, respectively. The sealing and transmissive 
nature of a few major faults has been determined as well. 
With the help of a suite of reservoir models using Arbuckle-specific data, I 
devised workflows to better understand the injection well dynamics. Important 
parameters that affect the disposal process have been identified by a number of 
Designs of Experiments (DoEs) using relevant uncertain variables and operational 
parameters. Using modified-Hall analysis I defined normal injection behavior and 
critically analyzed the safe limits of wastewater disposal operations. A smart and 
safe disposal-well monitoring scheme is developed based on the learnings, which 
will help disposal-well management become more economical and environmentally 
friendly.
 1 
 
Chapter 1: Background and Motivation 
According to The Office of the Secretary of Energy and Environment 
(Oklahoma), the State of Oklahoma had been experiencing limited but consistent 
level of seismicity in the recorded history dating back to 1882 
(earthquakes.ok.gov). However, North Central Oklahoma has seen a recent and 
dramatic rise in the number of earthquake events. This cannot be solely attributed 
to the natural causes. Walsh and Zoback (2015) discussed the increase in the 
seismicity through the Figure 1. They also mentioned that in recent years there has 
been no state that has witnessed an increase in seismicity as much as Oklahoma. 
Also, Jacobs (2016) reported that more than 2,500 seismic events of over 2.5 on 
Richter scale have occurred between 2010 and 2015 in Oklahoma. 
 
Figure 1. Cumulative number of magnitude 2.5+ earthquakes in Oklahoma 
After: Walsh and Zoback (2015) 
 
Multiple studies including but not limited to Zoback (2010), Horton (2012), 
Kim (2013), McGarr et al. (2015), Walters et al. (2015) and more have indicated 
that the seismicity is linked with the disposal of the wastewater generated during 
the multistage hydraulic fracturing operations. On the contrary, several authors 
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attributed hydraulic fracturing operations to be the primary cause of induced 
seismicity (Holland, 2011, 2013; BC Oil and Gas Commission, 2011; The Royal 
Society, 2012; Friberg et al., 2014; Walters et al., 2015). However, this thesis will 
not focus on hydraulic-fracturing induced seismicity. 
In general, permeable formations are the target of injection in Class II 
injection wells. According to U.S. Geological Survey (2017), 40,000 out of 150,000 
Class II injection wells, operating in the USA, are used for oil and gas wastewater 
disposal. The total produced water volume in the USA exceeded 20 billion stock-
tank barrels (STB) in 2007 as reported by Veil and Clark (2011). Enhanced 
recovery operations consumed over 55% of this water, whereas about 39% of the 
water was disposed of by injection. However, a small fraction of these disposal 
wells has caused induced seismicity, thereby triggering a large concern among the 
public and the governmental organizations. This has led federal as well as state 
bodies to find ways to mitigate the risk of induced seismicity. The State of 
Oklahoma Underground Injection Control division recognizes three necessary 
components for significant injection-induced seismicity: sufficient pressure 
buildup from disposal activities, faults, and a pathway allowing the increased 
pressure to communicate with the faults. 
Resource plays such as the Mississippian Limestone of Oklahoma and 
Kansas are characterized by 95% hypersaline water production. Although 
Oklahoma is currently covered by thousands of water disposal wells, it is only the 
North Central part of the state that has experienced a recent increase in seismicity. 
Murray (2013 and 2014), and Walsh and Zoback (2015) state that, in Central 
 3 
 
Oklahoma, most of the wastewater disposal occurs in the Arbuckle Group. Figure 
2 shows a map of injection wells penetrating the Arbuckle Group and Figure 3 
shows magnitude 2.5+ earthquakes since 2014 along with the injection wells 
penetrating the Arbuckle formation. Also, it appears that this formation is in 
hydraulic communication with the underlying crystalline basement. The increase 
in pressure in the Arbuckle Group propagates to the basement causing disturbances 
in that region. 
 
Figure 2. Map of injection wells penetrating Arbuckle-Group 
(Source: www.earthquakes.ok.gov) 
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Figure 3. Map of magnitude 2.5+ earthquakes since 2014 in Oklahoma 
overlying on wells penetrating Arbuckle-Group 
(Source: www.earthquakes.ok.gov) 
 
To study this issue, a project was awarded by Oklahoma Geological Survey 
(OGS) to the professors of University of Oklahoma - Dr. Kurt Marfurt, Dr. Matthew 
Pranter and Dr. Zulfiquar Reza. A study area in North Central Oklahoma is chosen, 
where evidently, there has been no study involving characterization of the 
Arbuckle-basement wastewater disposal system using the datasets and methods that 
shall be described in detail in the following sections. This area is situated in the 
Payne County, Oklahoma. 29 injection wells owned by 8 different operators are 
located in this study area. The wells are named as Well A through Well AC. 
Figure 4a shows location of Payne County in the map of Oklahoma. The 
study area is chosen based on available 3D seismic survey containing Arbuckle 
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Group and basement along with other overlying formations. Figure 4b shows the 
location of wells of penetrating the Arbuckle in the study area. Here, I have 
considered Well E as a representative well to demonstrate the application of the 
analysis. Figure 4c shows a chair display through the seismic amplitude volume. 
 
 
Figure 4. (a) Map showing the location of Payne County, Oklahoma., (b) 
Boundaries (in magenta) of the 3D seismic survey and (in blue) of the 3D 
cellular model. Black dots indicate the wells that penetrated the Arbuckle in 
the study area. (c) A chair display through seismic amplitude volume. The 
top of the survey has been cropped 20 ms above the top Arbuckle Formation. 
The time slice is approximately 800 ms below the top of basement. 
 
I will now describe the geological setting for Arbuckle Group. The 
Arbuckle Group of Central and Northern Oklahoma were deposited during the 
Well E 
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Cambrian and Ordovician as an extensive carbonate platform that covered most of 
the region. Strata in the study area are 100’s to 1,000’s of feet thick with extensive 
fracturing, dolomitization, and karstification in many of the sub-units. In the study 
area, these large carbonate units are underlain by 50 - 100 ft of interbedded 
sandstones and dolomites that make up the Reagan Sandstone (Stringer, 1958), 
which lies on top of the faulted Pre-Cambrian/Cambrian Granites and Rhyolites 
that form the shallow part of the basement throughout much of Oklahoma (Johnson, 
1991).  Historically, the heavily fractured and karsted carbonate formations have 
been utilized for salt water disposal (SWD) wells throughout much of the State of 
Oklahoma (Murray, 2015).  
The major objectives of this project include integrating modern 3D seismic, 
well logs, and injection data from Payne County, Oklahoma to:   
• To establish a stratigraphic and structural framework for Arbuckle-basement 
system as well as the overlying sedimentary section to the ground surface. 
• To measure seismic attributes and use them to better map structure, 
stratigraphy, and large-scale diagenetic features of the Arbuckle-Group, such 
as collapse structures. 
• To create 3D geocellular models of the subsurface geology that depict the 
spatial distribution of rock types and petrophysical properties. 
• To use these 3D geocellular models as input to fluid flow simulations for history 
matching and to better understand subsurface dynamic pressure and injection 
conditions that can lead to characterization of Arbuckle-Group. 
This thesis will present the engineering aspect of the project. 
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Additionally, various sources demonstrate that an improvement in 
operational practices of wastewater disposal is essential in order to curb the effect 
of induced seismicity. Although a few steps have been taken by the bodies of state 
government, such as Baker (2016), there is no apparent reduction in the seismicity. 
The other area of focus, in this thesis, will be to understand the disposal process in 
various scenarios and offer tools to monitor the wastewater disposal process. And 
based on these learnings, a safe water disposal procedure will be provided that 
might prove useful to reduce the effect of induced seismicity. The objectives of this 
thesis are described in Chapter 2. 
 Different aspects of this project have been presented and published in 
various fora. Some of the key publications are mentioned below: 
1. A poster titled ‘Multidisciplinary Characterization of Geomechanical 
Properties and Flow Behavior of the Coupled Arbuckle-Basement System, 
Payne County, Northern Oklahoma’ was presented at AAPG Annual 
Convention and Exhibition 2017, Houston, TX. 
2. A poster titled ‘Multidisciplinary Geomechanical and Geophysical 
Characterization of the Coupled Arbuckle-Basement System, Payne County, 
Northern Oklahoma’ was presented at AAPG Mid-Continent Section Meeting 
2017 held at Oklahoma City, OK. 
3. A paper (SPE-187083-MS) titled ‘Prognosis for Safe Water-Disposal-Well 
Operations and Practices Based on Reservoir Flow Modeling and Real-Time 
Performance Analysis’ was presented at SPE Annual Technical Conference and 
Exhibition 2017 held at San Antonio, TX. 
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4. A journal article (SPE-187083-PA) with the title ‘Prognosis for Safe Water-
Disposal-Well Operations and Practices Based on Reservoir Flow Modeling 
and Real-Time Performance Analysis’ has been accepted for publication in SPE 
Reservoir Evaluation and Engineering Journal for 2018.  
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Chapter 2: Objectives 
 The major tasks of the study include characterizing Arbuckle Group in 
North Central Oklahoma region and offer a safe water disposal procedure by 
studying the wastewater disposal process. Key data available to characterize the 
Arbuckle-Group include 3D seismic survey, well logs, injection and completion 
data. I will describe and analyze the available data in detail in Chapter 3. The 
objectives will be to review and study the survey and well logs data. Further, to 
measure and analyze the core properties and to tie the core data with the log data. 
And to check the quality of the injection data and to understand the injection-well 
behavior using diagnostics tool. Additionally, to link seismicity with various 
injection parameters. 
 Chapter 4 will consist of methodology for constructing simulation model as 
well as conduct and analyze history matching. The objectives will be to review the 
3D geocellular model, porosity model and the permeability model. Then, to create 
a robust 3D simulation model using the available datasets and to design well 
controls based upon the behavior of the well. Furthermore, to identify the 
parameters for history matching and their ranges. To point out the parameters that 
are impactful during history matching. And, to history match the injection rates and 
bottomhole pressures. Thus, I will be able to characterise the Arbuckle Group in 
North Central Oklahoma region. 
 I will discuss the other major task, which is to learn a safe operational 
procedure for disposal, in Chapter 5. The objectives laid out for this task will be to 
improve understanding of wastewater disposal process in confined space, to 
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examine the effect of various disposal-zone properties, to investigate operations 
practices in disposal-well performance, to identify critical parameters affecting 
water injection process, to identify diagnostics for water-disposal well monitoring 
and finally establish a workflow for safe water-disposal operations. 
 Chapter 6 will consist of points of discussion including limitations and 
assumptions as well as the conclusions drawn from the study. Chapter 7 shall 
indicate direction in which further work can be carried out on the subject matter.  
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Chapter 3: Data Acquisition and Analysis 
 In this chapter, datasets used in the study are described and analyzed. I will 
present the maps showing seismicity in the study area along with the location of 
injection wells. Next, the geophysical data used and analyzed by the geophysics 
experts for this study is described, along with the well log data used by the geology 
experts. The procedure of the core experiments is presented along with its analysis. 
I will explain the analysis on the injection data starting from quality checking the 
data to understand well behavior. And lastly, various injection parameters are 
linked with the seismicity events.  
3.1. Seismicity Map 
There have been several occurrences of earthquakes in the study area. 
Figure 5 shows location of earthquakes occurred between in the years 2014, 2015 
and 2016. The injection wells penetrating the Arbuckle-Group in the study area are 
also shown in the figure. From the available injection data, it is found that 
maximum injection occurs in the years 2014, 2015 and 2016 for the wells of 
interest. I will describe the relationship of seismicity with other injection 
parameters in section 3.6. 
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Figure 5. Map showing earthquakes that occurred in years 2014, 2015 and 
2016 and the injection wells in the study area 
 
3.2. Geophysical Data 
 I used geophysical data to initiate characterizing the subsurface properties 
of the Arbuckle-basement system (along with overlying formations) in North-
Central Oklahoma. The following geophysical data is used:  
 13 
 
• A 3D pre-stack time-migrated seismic data volume cropped above the 
Arbuckle Group (in order to protect the economic sensitivity of the 
overlying Mississippi Lime and Red Fork plays by the data owner) 
• Seismic horizons for both the Arbuckle Group top and the basement top  
• Velocity models for the cropped-out portion of the seismic 
The seismic volume cropped above Arbuckle Group, seismic horizons and velocity 
models for the cropped-out portion of the seismic is shown in Figure 6. 
 
 
 
 
Figure 6. Seismic volume cropped above Arbuckle Group, seismic horizons 
and velocity models for the cropped-out portion of the seismic 
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3.3. Log Data 
I digitized a suite of raster logs obtained from 29 wells that penetrate the 
Arbuckle Group to facilitate a more quantitative interpretation using modern 
statistical correlation techniques. A depth range of 3,000 - 6,000 ft. (914 - 1,282 m) 
of log data are available for each well. Digitized log curves include gamma ray 
(GR), bulk density (RHOB), neutron porosity (NPHI), density porosity (DPHI), 
spontaneous potential (SP), shallow resistivity (RESS), medium resistivity 
(RESM), and deep resistivity (RESD). I picked formation tops from these logs to 
create structural and stratigraphic cross sections. Figure 7 shows the well section 
containing well logs and tops of various formation for 4 wells in the study area and 
Figure 8 shows type log of a gamma ray, resistivity and porosity logs along with 
the major formation tops. 
 
 
 
  
 
1
5
 
 
Figure 7. Well section showing well logs and identified Tops of the formation 
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Figure 8. Type log of a gamma ray (to the left) and resistivity and porosity (to 
the right) showing the major formation tops picked from the Ordovician 
Arbuckle Group up through the Pennsylvanian Oolagah Limestone showing 
their ages 
3.4. Experimental Core Data Acquisition and Analysis 
I present the methodology and results of the experiments carried out to 
obtain petrophysical properties of Amoco’s slim-hole advanced drilling SHADS 
No. 4 well. This well is not present in the study area. However, the various 
formations from which the samples are obtained are part of the Arbuckle Group or 
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the basement formation. I conducted four experiments on seven cores from 
different depths to obtain various properties. Depth locations of all the core samples 
are presented in Figure 9. I prepared the samples in accordance to the requirements 
of the respective experiment. The experiments consist of measuring porosity and 
permeability using the Automated Porosimeter-Permeameter, measuring porosity 
and grain density using Low-Pressure Pycnometer (LPP), obtaining mineralogy 
using Fourier Transform Infrared Spectroscopy (FTIR), and measuring ultrasonic 
velocities to obtain geomechanical properties. 
 
Figure 9. Core depths and formations encountered in the Catoosa, OK, 
Amoco Shads #4 Well 
 
3.4.1. Methodology 
3.4.1.1. Automated Porosimeter-Permeameter 
 The automated porosimeter-permeameter is based on Boyle’s Law to 
measure porosity. The schematic (Figure 10) shows the setup of the equipment.  
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Figure 10. Schematic of Automated Porosimeter-Permeameter 
(After Henao, 2017) 
 
 Core sample is placed in a chamber with known volume, 𝑣1, at a low 
pressure, 𝑃1. Another chamber having volume, 𝑣2, is connected with the first 
chamber and is pressurized typically at 𝑃2 = 100 psia, with helium gas. On opening 
of the valve 1, the pressure in both the chambers equalizes to 𝑃𝑓, as the helium 
expansion takes place in the chamber with sample. Grain volume, 𝑉𝐺, can be 
determined using Boyle’s Law. And porosity can be calculated using the bulk 
volume, using the following equations: 
𝑉𝐺 =
𝑣1(𝑃𝑓−𝑃1)+𝑣2(𝑃𝑓−𝑃2)
𝑃𝑓−𝑃2
,               (1) 
ϕ =
𝑉𝐵−𝑉𝐺
𝑉𝐵
.                 (2) 
Klinkenberg-corrected permeability to helium was measured using the 
pressure decay technique to determine permeability to a resolution of 0.001 mD. 
3.4.1.2. Low-Pressure Pycnometer (LPP) 
Porosity and grain density measurement is carried out using Low-Pressure 
Pycnometer (LPP). Bulk volume of the sample is measured using Archimedes 
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Principle. For this, mercury immersion technique is used. The sample is immersed 
in a mercury bath and the volume of mercury displaced is noted as bulk volume. 
 The step-by-step procedure to measure porosity and grain density, as 
suggested by Karastathis (2007), using Low-Pressure Pycnometer is presented 
below: 
1. Obtain a plug with approximately 12g (+/- 2g) weight. 
2. Heat the sample at 100oC for 8 hours in a vacuum oven. Level of vacuum 
can be ~ 800 mbar. 
3. Remove the sample from the oven and allow it to cool for at least 30 minutes 
in a desiccator. 
4. Using a balance, measure sample weight (𝑚1). From mercury immersion 
and the dimensions, obtain the bulk volume (𝑉𝐵) of the sample. 
5. Crush the plug. Be careful during this step as the loss of any sample during 
crushing should be minimized. 
6. Transfer the powdered sample into the Low-Pressure Pycnometer (LPP) 
aluminum cell. 
7. Measure weight 𝑚1 of the powdered sample. Calculate the weight loss ∆𝑚 
which could have occurred during crushing and transferring.  
∆𝑚 =  𝑚1 − 𝑚2                    (3)  
 
8. Keep the powdered sample packed in an aluminum cell in a vacuum at for 
8 hours at 100oC in order to remove all the gas, free water, and volatile 
hydrocarbons. 
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9. Cool the LPP aluminum cell containing the sample for 30 minutes in a 
desiccator. 
10. Measure the weight 𝑚3 again, after cooling. 
11. Place the aluminum cell in the Low-Pressure Pycnometer and the average 
grain volume 𝑉𝐺 is obtained after running the test three times. 
The grain density is calculated by: 
𝜌𝐺 =
𝑚3
𝑉𝐺
,                 (4) 
and corrected grain volume is calculated by: 
𝑉𝐺
∗ = 𝑉𝐺 +
∆𝑚
𝜌𝐺
,                (5) 
 and the water free porosity is calculated by: 
ϕ =
𝑉𝐵−𝑉𝐺
∗
𝑉𝐵
× 100.                (6) 
 
3.4.1.3. Fourier Transform Infrared Spectroscopy (FTIR) 
Fourier Transform Infrared (FTIR) Spectroscopy is used to measure the 
mineral composition of the samples. The detailed discussion of this technique can 
be found in the literature by Sondergeld and Rai (1993) and Ballard (2007). The 
steps followed for measuring mineralogy using FTIR spectroscopy are: 
1. Obtain a small portion of the sample and crush it to an extent that the sample 
gets as fine as talcum powder. 
2. Ash the powder to remove the organic carbon and heat it at 100oC for 24 
hours to get rid of moisture from the sample. 
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3. Add 0.0005 gm of the powder 0.3 gm of potassium bromide (KBr). Press 
the mixture under 10 kpsi pressure to create a semi-transparent 13 mm disk. 
4. Obtain the absorbance spectrum by passing the infrared beam through this 
disk in the spectrometer. 
5. To obtain the mineralogy of the sample, an inversion scheme (Sondergeld 
and Rai, 1993) is applied to the obtained spectrum. 
The minerals are analyzed and quantified in terms of weight % using the 
above procedure. 
 
3.4.1.4. Ultrasonic Velocity Measurements 
Henao (2017) discussed the methodology to carry out ultrasonic velocity 
measurements. Ultrasonic compressional waves with magnitude 1 MHz and shear 
waves with magnitude 500 kHz are passed through the sample under confining 
pressure. Travel time of these waves along the samples are measured as ∆𝑡𝑝 and 
∆𝑡𝑠. Based on the following equations, compressional (𝑉𝑝) and shear (𝑉𝑠) wave 
velocities are calculated using the sample length (𝐿): 
𝑉𝑝 =
𝐿
∆𝑡𝑝
,                 (7) 
𝑉𝑠 =
𝐿
∆𝑡𝑠
.                 (8) 
 Using the bulk density and the wave velocities of the samples, dynamic 
Poisson’s ratio, 𝑣𝑑𝑦𝑛, Bulk Modulus, Kb, Shear modulus, 𝐺, and Young’s modulus, 
𝑌𝑀𝐸, are calculated: 
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𝑣𝑑𝑦𝑛 =
1
2
(Vp/Vs)
2
−2
(Vp/Vs)
2
−1
,             (9) 
𝐾𝑏 = ρ (Vp
2 −
4
3
Vs
2),                                   (10) 
𝐺 = ρ (Vs
2),               (11) 
𝑌𝑀𝐸 = ρ (Vp
2 −
4
3
Vs
2) (3 − 6𝑣𝑑𝑦𝑛).           (12) 
3.4.2. Results and Analysis 
 This section presents results and analysis based on the methodology 
presented in the section above. I tested seven plugs, numbered as Plug #1, 15, 18, 
22, 25B, 26 and 29. Properties obtained for Plug #1 (Figure 11) are presented 
below. This plug is obtained from the depth 1671.1 ft and from Cotter and Powell 
formation. Figure 12 presents the porosity obtained from automated porosimeter 
and LPP. Figure 13 presents the permeability obtained from automated 
permeameter. Grain and bulk density measured using LPP are 2.82 gm/cm3 and 
2.49 gm/cm3. Mineral composition of the sample is presented in Figure 14. And, 
the geomechanical quantities calculated using ultrasonic wave velocities are 
presented in Table 1. 
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Figure 11. Plug #1 from the Cotter and Powell Formation at a depth of 
1671.1 ft 
 
 
 
 
 
 
 
 
 
Figure 12. Porosity for Plug #1 from the Cotter and 
Powell Formation at a depth of 1671.1 ft  
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Figure 14. Mineralogy for Plug #1 from the Cotter and Powell Formation at 
a depth of 1671.1 ft 
 
Table 1. Geomechanical quantities calculated from sonic velocities for the 
Plug #1 from Cotter and Powell Formation at a depth of 1671.1 ft 
Confining Pressure PR YME (GPa) Kb (GPa) G (GPa) 
750 0.24 57.37 36.89 3.35 
1000 0.24 59.94 38.71 3.50 
1500 0.26 62.74 43.01 3.62 
2000 0.27 64.41 45.71 3.69 
3000 0.26 66.88 45.97 3.86 
4000 0.26 68.87 48.31 3.96 
5000 0.26 70.44 49.43 4.04 
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Figure 13. Permeability for plug #1 from the Cotter and 
Powell Formation at a depth of 1671.1 ft  
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Properties obtained for Plug #15 (Figure 15) are presented below. This plug 
is obtained from the depth 2267.15 ft and from Jefferson City formation. Figure 15 
presents the porosity obtained from automated porosimeter and LPP. Figure 16 
presents the permeability obtained from automated permeameter. Grain and bulk 
density measured using LPP are 2.81 gm/cm3 and 2.45 gm/ cm3 respectively. 
Mineral composition of the sample is presented in Figure 17. Compressional wave 
velocities were not calculated for this sample. 
 
Figure 15. Plug #15 from the Jefferson City Formation at a depth of 2267.15 
ft 
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Figure 18. Mineralogy for Plug #15 from the Jefferson City Formation at a 
depth of 2267.15 ft  
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Figure 16. Porosity for Plug #15 from the Jefferson City 
Formation at a depth of 2267.15 ft  
Figure 17. Permeability for plug #15 from the Jefferson City 
Formation at a depth of 2267.15 ft  
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Properties obtained for Plug #18 (Figure 19) are presented below. This plug 
is obtained from the depth 2492.08 ft and from Roubidoux formation. Figure 20 
presents the porosity obtained from automated porosimeter and LPP. Figure 21 
presents the permeability obtained from automated permeameter. Grain and bulk 
density measured using LPP are 2.83 gm/cm3 and 2.49 gm/cm3 respectively. 
Mineral composition of the sample is presented in Figure 22. And, the 
geomechanical quantities calculated using ultrasonic wave velocities are presented 
in Table 2. 
 
Figure 19. Plug #18 from the Roubidoux Formation at a depth of 2492.08 ft 
 
 
 
  
  
    
  
 
 
 
 
 
Figure 20. Porosity for Plug #18 from the 
Roubidoux Formation at a depth of 2492.08 ft  
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Figure 22. Mineralogy for Plug #18 from the Roubidoux Formation at a 
depth of 2492.08 ft  
 
Table 2. Geomechanical quantities calculated from Sonic velocities for Plug 
#18 from the Roubidoux Formation at a depth of 2492.08 ft 
Confining Pressure PR YME (GPa) Kb (GPa) G (GPa) 
250 0.20 55.08 30.70 3.32 
500 0.23 56.87 34.93 3.36 
750 0.23 58.08 36.16 3.42 
1000 0.24 58.85 37.50 3.45 
1500 0.24 61.67 39.78 3.60 
2000 0.25 63.17 42.50 3.66 
3000 0.25 65.11 44.22 3.76 
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Figure 21. Permeability for plug #18 from the 
Roubidoux Formation at a depth of 2492.08 ft  
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4000 0.25 66.07 44.92 3.82 
5000 0.25 66.94 45.20 3.87 
 
 
 
Properties obtained for Plug #22 (Figure 23) are presented below. This plug 
is obtained from the depth 2766 ft and from Gasconade formation. Figure 24 
presents the porosity obtained from automated porosimeter and LPP. Figure 25 
presents the permeability obtained from automated permeameter. Grain and bulk 
density measured using LPP are 2.83 gm/cm3 and 2.57 gm/cm3 respectively. 
Mineral composition of the sample is presented in Figure 26. And, the 
geomechanical quantities calculated using ultrasonic wave velocities are presented 
in Table 3. 
 
Figure 23. Plug #22 from the Gasconade Formation at a depth of 2766 ft 
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Figure 26. Mineralogy for Plug #22 from the Gasconade Formation at a 
depth of 2766 ft 
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Figure 24. Porosity for Plug #22 from the 
Gasconade Formation at a depth of 2766 ft 
Figure 25. Permeability for plug #22 from the 
Gasconade Formation at a depth of 2766 ft 
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Table 3. Geomechanical quantities calculated from sonic velocities for Plug 
#22 from the Gasconade Formation at a depth of 2766 ft 
Confining Pressure PR YME (GPa) Kb (GPa) G (GPa) 
250 0.20 51.82 28.48 3.14 
500 0.21 54.65 31.88 3.26 
750 0.23 55.80 34.47 3.29 
1000 0.24 56.77 36.14 3.32 
1500 0.25 59.23 39.33 3.44 
2000 0.25 61.22 40.82 3.55 
3000 0.25 64.23 42.05 3.74 
4000 0.25 65.87 43.49 3.83 
5000 0.27 67.89 48.77 3.88 
 
 
Properties obtained for Plug #25B (Figure 27) are presented below. This 
plug is obtained from the depth 2893.1 ft and from Gasconade/Gunter SS 
formation. Figure 28 presents the porosity obtained from automated porosimeter 
and LPP. Figure 29 presents the permeability obtained from automated 
permeameter. Grain and bulk density measured using LPP are 2.84 gm/cm3 and 
2.80 gm/cm3 respectively. Mineral composition of the sample is presented in 
Figure 30. And, the geomechanical quantities calculated using ultrasonic wave 
velocities are presented in Table 4. 
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Figure 27. Plug #25B from the Gasconade/Gunter SS Formation at a depth of 
2893.1 ft 
 
 
  
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 28. Porosity for Plug #25B from the 
Gasconade/Gunter SS Formation at a depth of 2893.1 ft  
Figure 29. Permeability for plug #25B from the 
Gasconade/Gunter SS Formation at a depth of 2893.1 ft 
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Figure 30. Mineralogy for Plug #25B from the Gasconade/Gunter SS 
Formation at a depth of 2893.1 ft 
Table 4. Geomechanical quantities calculated from Sonic velocities for Plug 
#25B from the Gasconade/Gunter SS Formation at a depth of 2893.1 ft 
Confining Pressure PR YME (GPa) Kb (GPa) G (GPa) 
250 0.23 80.50 50.08 4.74 
500 0.25 81.45 53.57 4.74 
750 0.25 82.80 55.69 4.79 
1000 0.25 84.22 56.60 4.88 
1500 0.25 85.32 56.44 4.96 
2000 0.25 86.35 56.98 5.02 
3000 0.26 88.27 60.44 5.09 
4000 0.26 89.72 61.52 5.17 
5000 0.26 91.33 62.55 5.27 
 
Properties obtained for Plug #26 (Figure 31) are presented below. This plug 
is obtained from the depth 2973.8 ft and from Reagan SS Formation. Figure 32 
presents the porosity obtained from automated porosimeter and LPP. Figure 33 
presents the permeability obtained from automated permeameter. Grain and bulk 
density measured using LPP are 2.63 gm/cm3 and 2.12 gm/cm3 respectively. 
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Mineral composition of the sample is presented in Figure 34. And, the 
geomechanical quantities calculated using ultrasonic wave velocities are presented 
in Table 5. 
 
Figure 31. Plug #26 from the Reagan SS Formation at a depth of 2973.8 ft 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 32. Porosity for Plug #26 from the 
Reagan SS Formation at a depth of 2973.8 ft 
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Figure 34. Mineralogy for Plug #26 from the Reagan SS Formation at a 
depth of 2973.8 ft 
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Figure 33. Permeability for plug #26 from the 
Reagan SS Formation at a depth of 2973.8 ft 
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Table 5. Geomechanical quantities calculated from sonic velocities for Plug 
#26 from the Reagan SS Formation at a depth of 2973.8 ft 
Confining Pressure PR YME (GPa) Kb (GPa) G (GPa) 
250 0.20 21.77 12.00 1.32 
500 0.18 22.89 11.82 1.41 
750 0.16 23.97 11.69 1.50 
1000 0.20 25.93 14.59 1.56 
1500 0.18 28.17 14.64 1.73 
2000 0.20 29.90 16.49 1.81 
3000 0.21 32.06 18.19 1.93 
4000 0.21 33.07 18.90 1.98 
5000 0.21 34.18 19.61 2.05 
 
Properties obtained for Plug #29 (Figure 35) are presented below. This plug 
is obtained from the depth 3056.35 ft and from Washington Volcanic Group. 
Figure 36 presents the porosity obtained from automated porosimeter and LPP. 
Figure 37 presents the permeability obtained from automated permeameter. Grain 
and bulk density measured using LPP are 2.72 gm/cm3 and 2.70 gm/cm3 
respectively. Mineral composition of the sample is presented in Figure 38. And, 
the geomechanical quantities calculated using ultrasonic wave velocities are 
presented in Table 6.  
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Figure 35. Plug #29 from the Washington Volcanic Group at a depth of 
3056.35 ft 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 36. Porosity for Plug #29 from the Washington 
Volcanic Group at a depth of 3056.35 ft 
Figure 37. Porosity for plug #29 from the Washington 
Volcanic Group at a depth of 3056.35 ft 
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Figure 38. Mineralogy for Plug #29 from the Washington Volcanic Group at 
a depth of 3056.35 ft 
 
Table 6. Geomechanical quantities calculated from sonic velocities for Plug 
#29 from the Washington Volcanic Group at a depth of 3056.35 ft 
Confining Pressure PR YME (GPa) Kb (GPa) G (GPa) 
750 0.22 89.31 53.11 5.31 
1000 0.22 91.26 53.67 5.44 
1500 0.22 92.49 54.92 5.50 
2000 0.22 93.75 55.39 5.58 
3000 0.22 94.65 56.99 5.61 
4000 0.23 96.06 59.08 5.67 
5000 0.23 98.12 59.84 5.80 
3.5. Injection Data 
As part of pre-analysis, I investigated well performance of the 29 disposal 
wells, within the seismic survey area, using daily injection rates, surface-tubing 
pressures and well-completion reports. Completion reports are obtained from OCC. 
Publicly disclosed injection data is highly variable, with the type of reporting that 
has changed radically over the past 20 years. 
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3.5.1. Data Quality Analysis 
I diligently performed quality control of the available data with anomalous 
data identified and either corrected (whenever possible) or removed from further 
analyses. The pressure and the injection rate data are analyzed to find anomalies 
and are rectified. Data quality analysis for one of the well (Well E) is shown in 
Figure 39. 
 
Figure 39. Pressure and Injection Rate data analysis (Well E) 
 
The data points with no pressure data were not considered for the analysis. 
I ignored the outliers, such as very high pressure or injection rates. The possible 
reasons for zero data or very high range of the data could be erroneous 
measurements by the meters, meters not operational, etc. 
3.5.2. Conversion of Wellhead Pressures to Bottom Hole Pressures 
Bottom hole pressure was required for the analysis, however, only wellhead 
pressure data was available. I converted the wellhead pressures to bottom-hole 
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pressure using a commercial software and also carried out sensitivity analysis to 
identify any artifact introduced in the pressure conversion process. Figure 40 
shows the results of the pressure conversion for Well E. 
 
Figure 40. Conversion of wellhead pressure to bottomhole pressure (Well E) 
 
Sensitivity analysis was carried out for the following parameters: salinity of 
the water, the pressure conversion correlation, and the temperature of injection 
water. Salinity values of 40000 ppm, 80000 ppm and 250000 ppm were chosen for 
sensitivity analysis. Figure 41 shows the results by changing various salinity 
values. Salinity value was taken to be 190,000 ppm during the conversion, also 
recommended by an operator in that region. Four flow co-relations namely PETEX-
2, Beggs and Brill, Mukherjee and Brill, and Duns and Ros Modified were 
considered for sensitivity analysis. Figure 42 shows the conversion results of using 
various co-relations. PETEX-2 correlation was chosen for the conversion. Apart 
from these two parameters, sensitivity using different water injection temperatures 
was also checked, but it had no effect on the conversion. Water injection 
temperature was taken as 60°F. 
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Figure 41. Effect of salinity for pressure conversion – Well E 
 
 
Figure 42. Effect of using various flow co-relations for pressure conversion – 
Well E 
 
3.5.3. Flow Regime Identification 
Ascertaining the onset of the steady-state flow regime allows identifying 
the appropriate range for pressure and injection data to be used in the modified-Hall 
analysis (MHA). I will be using MHA for understanding injection well behavior. 
The flow regimes were identified using material-balance time diagnostics plots 
(Anderson and Mattar, 2004). Material balance time is defined as the ratio of 
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cumulative injection and daily injection rate. In this technique, the daily injection 
rate is plotted against the material-balance time on a log-log plot. The steady-state 
regime is represented as unit slope in the resulting log-log plot. 
Figure 43 shows the material balance time plot of the (Well E). The 
transient state and the steady state flow are identified in the plot. 
 
Figure 43. Material-balance-time diagnostics plot (Well E) for flow regime 
identification 
 
3.5.4. Estimation of Ambient Reservoir Pressure 
I used Silin slope analysis (Silin et al., 2005) to calculate the ambient 
reservoir pressure. The reservoir pressure at virgin conditions is termed as ambient 
reservoir pressure. Note Silin analysis can only provide an approximate 
characterization of the virgin pressure. In the absence of any other relevant 
techniques, this is a viable means to determine the ambient reservoir pressure. Silin 
devised the following equation for the slope analysis: 
𝑝𝑤
𝑞
=
𝑝𝑒
𝑞
+ 𝑏.               (13) 
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In Silin plot, the ratio of pressure and injection rate (𝑝𝑤 𝑞⁄ ) is plotted against the 
inverse of injection rate (1 𝑞⁄ ). The injectivity parameter (b) does not change since 
it is assumed that the formation properties remain constant. The slope of this plot 
will give the ambient reservoir pressure (𝑝𝑒). It is to be noted that Silin analysis 
should only be applied to injection data from transient flow regime. Late-time or 
pseudo-steady state pressure and rate data will influence the estimated virgin 
pressure. Figure 44 shows the Silin slope plot for Well E. 
 
 
Figure 44. Estimating ambient reservoir pressure using Silin slope plot (Well 
E) 
 
A straight line is fitted that would cover the maximum points on the plot 
and the slope of that line will give an estimate of ambient reservoir pressure. The 
slope of the line is found to be 2,350 psi, which will be the ambient reservoir 
pressure for this well. Figure 45 presents the ambient reservoir pressure for all 29 
wells calculated using the Silin slope analysis. The pressure values are presented in 
Appendix-I. 
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Figure 45. Ambient reservoir pressure of 29 wells estimated using Silin slope 
analysis 
 
3.5.5. Modified Hall Analysis 
Modified Hall Analysis (MHA) was carried out to understand the injection 
behavior of the wells. In MHA, Hall integrals and their derivatives (modified Hall 
derivatives) with respect to cumulative injection (Izgec and Kabir, 2011) are plotted 
against the cumulative injection. Hall integrals are calculated by: 
𝐼𝐻
𝑛 = ∫ (𝑝𝑤 − 𝑝𝑒)𝑑𝑡
𝑡𝑛
0
,             (14) 
and the derivative term is calculated by: 
𝐷𝐻𝐼
𝑛 =
𝐼𝐻
𝑛+1−𝐼𝐻
𝑛
𝑙𝑛(𝑄𝑖)
𝑛+1−𝑙𝑛 (𝑄𝑖)
𝑛.             (15) 
Hall integral can be considered as a measure of injection-pressure buildup 
with time and the modified Hall derivatives indicate the rate of pressure buildup 
with incremental injection. In a normal injection scenario, both curves (Hall 
integrals and the modified Hall derivatives) will have similar slope against 
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cumulative injection. Whenever the two curves deviate away from each other, 
normal injection ceases. If the slope of the Hall derivatives increases faster than the 
Hall integral, this implies the well is struggling to inject fluid causing the pressure 
to build up rapidly. This is an injectivity-loss scenario for instance formation 
plugging and any other kind of formation damage. Whereas, if the slope of the Hall 
derivatives declines rapidly compared to the Hall integrals, this implies the injected 
fluid has found less resistant flow path and the pressure is not building up any 
further. In fact, the disposal well may experience pressure decline at this point. This 
is a typical disposal well pressure behavior after formation-fracturing has taken 
place. 
Figure 46 shows the modified Hall analysis carried out on the Well E.  As 
can be seen in the figure, the Hall derivatives increase faster than the Hall integral, 
after a certain point. It indicates normal injection up to the point it starts getting 
separated. And after that it can be inferred that the well is struggling to inject fluid 
causing the pressure to build up rapidly. 
 
Figure 46. Modified Hall plot analysis (Well E) for understanding injection 
well behavior 
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The modified-Hall plots for all 29 wells are presented in Appendix-II. 
3.6. Correlating Seismicity with Injection Data 
 I carried out a quick analysis to link the seismic events with various 
injection-related parameters. Four parameters: Peak injection rate, cumulative 
injected volume, peak wellhead pressure and ambient reservoir pressure calculated 
using Silin analysis were taken into consideration for this analysis. With this 
analysis, I identified regions and wells sensitive to the injection activity. 
3.6.1. Peak Injection Rate 
 Peak injection rates for all the 29 wells under the study are presented in 
Figure 47. In Figure 48, each of the wells is represented by bubbles, with the size 
of the bubble representing the peak injection rate relative to other wells. The colors 
of bubble represent the year in which the peak injection rate occurred, which can 
be correlated with the base map where seismic events are represented color coded 
according to the year in which the event took place. The histogram of the peak 
injection rate values is presented in Figure 49. 
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Figure 47. Peak injection rate for all 29 wells 
 
 
Figure 48. Peak injection rate tied with seismicity mapped year-wise 
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Figure 49. Histogram of peak injection rate for 29 wells 
 
3.6.2. Cumulative Injected Volume 
 Cumulative injection volumes for all the 29 wells under the study are 
presented in Figure 50. In Figure 51, each of the wells is represented by bubbles, 
with the size of the bubble representing the amount of cumulative injected volume 
relative to other wells. In the base map seismic events are represented, and are 
color-coded according to the year in which the event took place. 
 
Figure 50. Cumulative injection volume for all 29 wells 
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Figure 51. Cumulative injection volume tied with seismicity mapped year-
wise 
 
3.6.3. Peak Wellhead Pressure 
Peak wellhead pressures for all the 29 wells under the study are presented 
in Figure 52. In Figure 53, each of the wells is represented by bubbles, with size 
of the bubble representing the wellhead pressure relative to other wells. The colors 
of bubble represent the year in which the peak wellhead pressure occurred, which 
can be correlated with the base map where seismic events are represented color 
coded according to the year in which the event took place. The histogram of the 
peak wellhead pressure values is presented in Figure 54. 
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Figure 52. Peak wellhead pressure for all 29 wells 
 
 
Figure 53. Peak wellhead pressure tied with seismicity mapped year-wise 
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Figure 54. Histogram of peak wellhead pressure for 29 wells 
 
3.6.4. Ambient Reservoir Pressure 
Ambient reservoir pressures calculated using Silin slope analysis for all the 
29 wells under the study are presented in Figure 55 (same as Figure 45). In Figure 
56, each of the wells is represented by bubbles, with the size of the bubble 
representing the magnitude of the ambient reservoir pressure relative to other wells. 
In the base map seismic events are represented, and are color-coded according to 
the year in which the event took place. The histogram of the ambient reservoir 
pressure values is presented in Figure 57. 
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Figure 55. Ambient reservoir pressure for all 29 wells 
 
 
Figure 56. Ambient reservoir pressure tied with seismicity mapped year-wise 
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Figure 57. Histogram of ambient reservoir pressure for 29 wells 
 
 To summarize, I attempted to tie the peak injection rate, cumulative injected 
volumes, peak wellhead pressure and the estimated ambient reservoir pressure with 
the seismicity events shown on maps (Figures 48, 51, 53 and 56, respectively).  A 
proper causality analysis using these records is beyond the scope of this study. 
Nonetheless using this analysis, I could identify key wells based on the cumulative 
injected volumes map that warrant further investigation.  
In this chapter, I studied various available datasets. At first, I looked at the 
seismicity map where the seismic events in the study area were marked along with 
the location of the wells. Then, I focused on understanding the acquisition of the 
core data and its results. Thereafter, the injection data was analyzed in detail. Using 
this data, well behavior of all 29 wells was learned using modified-Hall analysis 
(MHA). Identification of the flow regime and estimation of ambient reservoir 
pressure was required for MHA. At last, various injection parameters were linked 
with the seismicity, to understand their impact. In the next chapter I will use these 
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datasets and learnings, to develop a simulation model for history matching and 
study its results. 
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Chapter 4: Characterizing Arbuckle Group 
 In this chapter, an overview of creating static model is provided by using 
the data and analysis discussed in Chapter 3. This model was prepared by the 
geology experts in the project team. Using this model, I constructed a simulation 
model for history matching. The description is provided in the methodology 
section. The injection pressures and rates are matched in order to characterize the 
Arbuckle-Group Formation. The outcomes and learnings of the history matching 
are presented in the results section. 
4.1. Static Model 
4.1.1. 3D Geocellular Model Construction 
Structure-contour maps are used to create a 3D stratigraphic and structural 
framework of the study area. Fault surfaces from the interpreted faults from the 3D 
seismic data are included in the 3D grid.  Also, the fault surfaces are subsequently 
used to map porosity trends within the Arbuckle-basement interval and are also 
included in the fluid-flow simulation for calibration as either conduits or barriers to 
flow. I included the basement in the 3D grid as a 500 ft thick interval (reservoir 
model zone) below the Arbuckle Group. The Arbuckle Group, as well as the 
Simpson and Viola formations (not mapped using the seismic data) are included in 
the grid based on surfaces that represent each formation.  The 3D grid consists of 
grid cells with aerial cell dimensions of 500 ft by 500 ft and an average layer 
thickness of 10.5 ft.  The 3D stratigraphic framework (3D grid), well logs, and 
variogram parameters are used to constrain 3D models of porosity and 
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permeability. A three-dimensional lithology or “rock type” model could not be 
accurately constructed to constrain the porosity and permeability models because 
of limited well and core data. 
I used a simple proportional layering scheme, given the absence of seismic 
control above the top Arbuckle Formation, resulting in a grid containing 
approximately 6.5 million cells. Error! Reference source not found. shows the r
esulting stratigraphic zones from the basement interval to the top of the Viola 
limestone formation.  
  
Figure 58. Stratigraphic framework (3D grid). A proportional layering 
scheme is used, and the resulting grid contains approximately 6.5 million 
cells. The 3D grid consists of cells with aerial dimensions of 500 ft. by 500 ft. 
and an average layer thickness of 10. 
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4.1.2. Porosity Model 
Three-dimensional porosity models are generated and constrained to 
upscaled total porosity logs (based on neutron and density porosity logs) and 
porosity variogram parameters.  Core data do not exist within the study area. I 
calculated the total porosity logs (ϕt) using the root-mean-square method with the 
NPHI and DPHI curves. The total porosity logs are upscaled to the grid and 
modeled using variogram-based sequential-Gaussian simulation (SGS). For the 
Arbuckle Group and shallower formations, the variogram ranges were set to 7,000 
ft. (2,134 m) for both horizontal directions and 10 ft. (0.6 m) for the vertical 
direction. Due to lack of well-log data for the basement, the porosity distribution in 
the basement was modeled assuming that the porosity, in general, is greater near 
the faults and essentially zero in non-faulted areas (for igneous and metamorphic 
lithologies). This porosity distribution was computed using a “distance-to-object” 
property using commercial software in which the interpreted fault surfaces are the 
objects. This approach resulted in porosity values of 6% near fault surfaces and 
linearly decreasing to zero roughly 3,000 ft. away from the fault.  
Porosity values in the basement range from 0 - 6%, and log-derived porosity 
values in the Arbuckle Group range from 5 - 10% (Error! Reference source not f
ound.).  
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Figure 59. Porosity model of the basement through Viola intervals. 
 
4.1.3. Permeability Model 
Three-dimensional permeability models are generated and constrained to 
the 3D porosity model and a Buckle’s (Schlumberger, 1989) relationship between 
calculated irreducible water saturation and porosity. Buckle’s method estimates the 
irreducible water saturation, Swirr, using an empirical relationship between the 
effective porosity, φe, the fractional volume of shale, Vsh, and the Buckle’s number 
κBuckle: 
(1 )
BUCKL
irr
e sh
Sw
V




.                        (16) 
Vsh is commonly calculated using the gamma-ray log. In this case, Vsh is set to be 
identically zero to assume only the presence of water. After irreducible water 
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saturation is estimated, qualitative permeability estimates are calculated using two 
different equations:  
the Tixier Equation 
2
3
250 e
irrSw


 
  
 
,             (17) 
and the Timur Equation (Schlumberger, 1991), 
2
2.25
100 e
irrSw


 
  
 
,             (18) 
which are a function of the irreducible water saturation and the total porosity model.  
Three iterations of this process using equations 2 and 3 are run using κBUCKL = 0.01 
for vuggy, κBUCKL = 0.005 for crystalline, and κBUCKL = 0.001 for fractured, 
corresponding to rock matrix types I ran another six models assuming 100% water 
saturation and no presence of hydrocarbons.  A vuggy to fine vuggy matrix is 
assumed for the Arbuckle Group. 
Permeability values associated with the Arbuckle Group range from 1-5 mD 
whereas the highest permeabilities are associated with faults interpreted from the 
seismic that penetrate the basement and Arbuckle zones. These faulted zones range 
from 10 – 100 mD (Error! Reference source not found.).  
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Figure 60. Permeability model of the basement through Viola intervals. 
 
4.2. History Matching Methodology 
 In this section I present the procedure that is followed for history matching. 
Initially, the model construction for fluid flow simulation is explained. Then, the 
parameters selection process and methodology for the history matching process are 
described. 
I considered Viola, Simpson, Arbuckle Group and basement Formations to 
be potential flow units from the geological model. The model is discretized using 
500 ft. by 500 ft. grid cells, 164 grid points in the x (North), 217 grid points in y 
(East), and 185 grid points in z (vertical) directions, giving a model that extended 
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laterally approximately 66,500 ft. x 98,300 ft. Schematic of the simulation model 
is presented in Figure 61. 
 
 
Geological porosity and permeability parameters, as described in the Static 
Model section, are assigned to the simulation model. Rock properties are 
considered based on the type of the formation. I have considered the Arbuckle 
Group and the basement formations to be water filled as fluid distribution, as most 
of the injection takes place in these formations. I modeled completions of all 29 
wells according to the available completion reports. Injection rates and pressures 
are assigned to the respective wells for the period between January 2005 to May 
2016. Faults interpreted using the seismic model are also included in this simulation 
model.  
I will now describe the history matching process followed in this study. At 
first, a region of interest for history-matching needs to be identified. Arbuckle-
Group formation is the zone of interest for our study. History-matching can be 
carried out by automated process or by manual analysis. In this study, I opted for 
manual process. In general, the quality of results is better using the manual process. 
Viola 
Simpson 
Arbuckle 
Basement 
Figure 61. Simulation model schematic 
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Thereafter, it is required to recognize the variables of interest for which the 
matching will be carried out. I identified bottom-hole pressure and injection rate as 
the variables of interest. 
The next step would be to identify uncertain parameters for history 
matching. I identified uncertain parameters to be permeability, horizontal and 
vertical anisotropy, porosity and compressibility of all Viola, Simpson, Arbuckle-
Group and basement formations. As well as, formation water properties such as 
compressibility, viscosity, density and formation volume factor. For injection well 
each well, productivity multipliers (PI) are taken into consideration as uncertain 
parameters. The values of these parameters were not known, and thus were included 
in uncertainty characterization. In the beginning, reasonable values with a slightly 
broader range are selected for the all the parameters. 
At each stage of history matching, I performed screening analysis, where 
the parameters which impacted the response variables the most were identified 
using Pareto plots. These parameters were mostly linked with key formations and 
wells identifies in previous analysis. And based on their impact, the ranges of the 
values were selected for the next stage of history matching, where again uncertainty 
characterization was carried out. This process is carried out till I got optimized 
match of the variables of interest. 
As I mentioned earlier, injection rates and bottom-hole pressures are 
matched for calibration of the model. The bottom-hole pressures in this study are 
not available directly and are obtained from wellhead pressures using the pressure 
conversion process as described in section 3.5.2. More emphasis is given to the 
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wells with high cumulative injection volumes for the matching process. The results 
and analysis are presented in the next section. 
4.3. History Matching Results 
The simulation model is calibrated by the observed and measured injection 
data. Initially, around 50 parameters are varied through sensitivity runs. The 
impactful parameters based on history matching include permeability, horizontal 
and vertical anisotropy and porosity of Arbuckle-Group, permeability and 
horizontal anisotropy of overlying Simpson and underlying basement formations, 
formation water density and viscosity, and productivity multipliers (PI) of the key 
injection wells. These parameters were identified using Pareto plots. This can be 
explained as most of the injection takes place in the Arbuckle formation, and a few 
fault planes laying in the Arbuckle Group formation penetrate Simpson and 
basement formation. For this reason, the petrophysical properties of Arbuckle 
Group, Simpson and basement would be most impactful. Other than those, I 
identified key wells based on the amount of cumulative volumes. PI multipliers of 
those wells being identified as impactful parameters also can be explained.  
The least impactful parameters were identified to be the parameters of the 
Viola formation and PI multipliers of some least important wells. There is limited 
pathway for the injection fluids to reach the Viola formation. And the least 
important wells are the wells in which the cumulative injection is less. Thus, the 
least impactful parameters can be explained. 
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I carried out multiple stages of history matching reasonable matches for the 
identified key wells are obtained. The injection rate match of all the wells was of 
high quality. An aerial view of the wells showing the bottom-hole pressure match 
is presented in Figure 62. The color coding is based on the percent mismatch 
calculation. Injection data for Wells K, O, R, X, Y, and AA are of limited reliability. 
These wells are color-coded in Grey color. Green color indicates that the pressure 
mismatch is within 10%, the yellow color is for the mismatch between 10% and 
50% and red color shows the mismatch is greater than 50%. 
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Figure 62. Bottom-hole pressure history-match results 
Color according to mismatch as following: Grey – Inconsistent data, 
Green – within 10%, Yellow – within 50% and Red – Greater than 50%. 
Results are mapped on the horizon of Top of Arbuckle-Group formation  
 
23 wells out of 29 wells have reliable data. 4 wells out of 23 wells have 
mismatch less than 10%, considering them as a good quality match.  14 wells have 
a mismatch between 10% and 50%, and shall be considered as a decent quality 
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match. Rest of the wells have mismatch greater than 50%, and are considered a 
poor quality match. The pressure build-up for these wells was not sufficient. The 
bottom-hole pressure and injection rate data matching for four wells, are presented 
here. Well H and Well A show good quality match. Figures 62 and 63 present the 
bottom-hole pressure and injection rate match, respectively, for Well H. While 
Figures 64 and 65 show the same matches for Well A. Well E and Well AB show 
decent quality match. Figures 66 and 67 present the bottom-hole pressure and 
injection rate match, respectively, for Well E. Figures 68 and 69 show the same for 
Well AB. 
 
Figure 63. Bottomhole Pressure Matching for Well H showing good quality 
match 
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Figure 64. Injection Rate Matching for Well H showing good quality match 
 
Figure 65. Bottomhole Pressure Matching for Well A showing good quality 
match 
 
Figure 66. Injection Rate Matching for Well A showing good quality match 
0
5
10
15
20
2012 2013 2014 2016 2017W
a
te
r 
In
je
c
ti
o
n
 R
a
te
 (
M
b
b
l/
d
a
y
)
Time (Years)
History Matching Results
Observed Data
0
1000
2000
3000
4000
2009 2010 2012 2013 2014 2016 2017
B
o
tt
o
m
-H
o
le
 P
re
s
s
u
re
 (
p
s
i)
Time (Years)
History Matching Results
Observed Data
0
5
10
15
2009 2010 2012 2013 2014 2016 2017W
a
te
r 
In
je
c
ti
o
n
 R
a
te
 (
M
b
b
l/
d
a
y
)
Time (Years)
History Matching Results
Observed Data
 68 
 
 
Figure 67. Bottomhole Pressure Matching for Well E showing decent quality 
match 
 
Figure 68. Injection Rate Matching for Well E showing decent quality match 
 
Figure 69. Bottomhole Pressure Matching for Well AB showing decent 
quality match 
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Figure 70. Injection Rate Matching for Well AB showing decent quality 
match 
 
Based on the current history-match results, the porosity and permeability 
distribution of Arbuckle-Group and Simpson are presented here. Table 7 and Table 
8 present the minimum, maximum, and average porosity and permeability results 
respectively for Arbuckle-Group and Simpson formations. 
 
Table 7. Minimum, maximum and average 𝛟 values for Arbuckle and 
Simpson formations based on current history matching results 
 
 
 
Table 8. Minimum, maximum and average 𝒌 values for Arbuckle and 
Simpson formations based on current history matching results 
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Observed Data
Formation ϕ, min ϕ, max ϕ, avg 
Arbuckle-Group 3% 15% 7% 
Simpson 2% 22% 12% 
Formation 𝑘, min 𝑘, max 𝑘, avg 
Arbuckle-Group 1 mD 40 mD 10 mD 
Simpson 1 mD 130 mD 40 mD 
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The history-matching process revealed evidence of fault effect on the 
performance of some of the disposal wells in the Arbuckle-Group. It is conjectured 
some of the faults may be acting as sealing fault while others as conduit. However, 
in order to conclusively verify the hypothesis further investigation will be required. 
This will not be undertaken in this study. Based on the current history-match results, 
a couple of hypotheses are presented here (refer Figure 71): 
• The wells around the faults marked as F1 to F4 presents insufficient 
pressure build-up due to injection. I hypothesize these faults to be sealing 
in nature. 
• Seismic survey was not available in the shaded area marked as R1, 
therefore, it was not possible to identify faults in this region. History-match 
results for a couple of wells under this area indicate the possibility of some 
sealing faults nearby. 
 71 
 
 
Figure 71. Effect of faults in history-match, interpreted fault planes are 
presented, also shown are wells color coded according to the quality of 
pressure match, mapped on horizon of top of Arbuckle-Group 
  
I carried out multiple stages of history matching to achieve these results. 
Average porosity of the Arbuckle-Group is found to be around 7% and permeability 
is found to be around 10 mD. I observed that a slight lateral permeability anisotropy 
F1 
R1 F2 
F3 
F4 
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of 1.25 towards the Northing direction with respect to the Easting direction in the 
Arbuckle-Group. This may be attributed to the nature of faults. I also observed a 
vertical to lateral permeability anisotropy (𝑘𝑣 𝑘ℎ⁄ ) of 0.01. All these observations 
are based on the current history matching results. Scenarios with varying fault 
behavior and considering different fluid distribution would led more complete 
characterization. Thus, there is a scope to improve matches by carrying out few 
more stages of history matching. 
In this chapter, I explained the construction of the simulation model for the 
study area using the available data. The methodology of history matching was 
described, and the analysis and results were presented. Based on the available 
history-match results, the characterization of the Arbuckle-Group formation is 
presented. 
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Chapter 5: Safe Water Disposal Operation 
As I discussed earlier in Chapter 1, state and federal governments are 
looking for operational guidance towards reducing the risk of induced seismicity. 
Oklahoma Corporation Commission (OCC) (Baker 2016) issued a regulatory 
notice to all the operators related to be followed for wastewater disposal. Few 
additional steps learned from this chapter may help in further reduction of the 
seismic activities. 
In this chapter, the wastewater-disposal process is explored in detail by 
studying various scenarios. Modified-Hall analysis (Izgec and Kabir 2009, 2011) 
and rate transient analysis methods are used for real-time monitoring of the 
wastewater-disposal operations. The onset of the abnormal behavior is detected 
using modified-Hall analysis and the cumulative injection at that point becomes the 
monitoring variable of interest. The behavior of cumulative injection with high 
impact variables, such as compartment size and the limiting fracture gradient are 
studied. At the end, an overall strategy that can provide operational guidance for 
safe wastewater disposal is established. This work was presented at the 2017 SPE 
Annual Technical Conference and Exhibition and is selected for publication in the 
SPE Reservoir Engineering and Evaluation journal (Gogri et al, 2017). 
5.1. Literature Review 
  The seismic risks are not unique to wastewater disposal. Injection of carbon 
dioxide (CO2) for both enhanced recovery operations and dedicated storage has 
triggered many seismic events in the USA, as discussed by White and Foxall 
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(2016). In a preceding study, Pawar et al. (2015) detailed both risk assessment and 
risk management of geologic storage of CO2. While correlating induced seismicity 
and wastewater injection, Gono et al. (2015) reported that there exists a spatial and 
temporal correlation between seismic activity and pore pressure change during 
wastewater injection. They also suggested that preexisting faults appear necessary 
to trigger seismic events. In a more recent study, Abrahams et al. (2017) reported 
the impact of physical controls linked to fluid injection on statistical properties of 
injection-induced earthquake sequences.  
Given the interest in reducing the emission of greenhouse gas, a plethora of 
studies have appeared for sequestering CO2 over the last 10 years or so. Whereas 
safe disposal can occur in depleted hydrocarbon reservoirs, injection of CO2 in 
saline formations presents challenges that are comparable to that of wastewater 
disposal. It should be noted that because the density of supercritical CO2 
(approximately over 0.8 g/cm3) is comparable to that of water, the injection 
behavior is expected to be similar to that of water injection. Flow simulation studies 
involving both small-scale (Anchliya et al., 2012; Chasset et al., 2011; and Kumar 
et al., 2005; among others) and large-scale (Person et al., 2010; Yamamoto et al., 
2009; among others) reservoirs reveal many insights into the feasibility of the 
sequestration process. More recently, the insightful study of Akinnikawe and Ehlig-
Economides (2016) suggested that the Woodbine aquifer in East Texas can store 
CO2 for 240 years with appropriate aquifer management strategy. On the 
wastewater-disposal front, Saripalli et al. (2000) presented a simulator to study the 
impact of several pertinent formations and operational characteristics on injection 
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decline. They attributed the decline in injectivity to high total-suspended-solids 
concentration in the waste stream, low injection rate, low injection pressures, 
formation heterogeneity, low porosity and low permeability.  
Lessons learned from CO2 injection and wastewater disposal of late suggest 
that well monitoring and analysis of surveillance data become a cornerstone for any 
disposal project. Therefore, understanding the process of disposal and the factors 
affecting injection becomes imperative. Also, in water flooding, CO2 sequestration 
(Ehlig-Economides and Economides 2010, Aschehoug and Kabir 2013) and other 
injection-related EOR, the size of compartment plays an important role. 
Consequently, a large impact of compartment size in wastewater disposal 
operations is expected. In addition, operating limits will play a significant role 
because it is intrinsically tied to the fracture gradient. 
5.2. Water-Disposal Well-Performance Workflow and its Application 
Arbuckle Group in Oklahoma has been the primary focus of this study, as 
the amount of wastewater disposal in this formation is large. Hence, Arbuckle-
specific well and formation data is used in the study. As reported by Murray (2015), 
in the year 2014, 25% of the injection wells in Oklahoma penetrated Arbuckle 
Group and that accounted for 75% of the total wastewater. 
Understanding the disposal-zone reservoir dynamics under various 
conditions is important to identify and implement safe water-disposal operations. 
A workflow to investigate the water-disposal process is presented. A 3D reservoir 
model as shown in Figure 72 is constructed, which contains a disposal and a 
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producing zone separated by a seal. Figure 73 shows the schematic of the 
workflow. Second, fluid and petrophysical properties are assigned for each zone in 
accord with the open-hole logs, core, and relevant information from the available 
literature. Subsequently, an injection well for disposal zone and a production well 
for connected production zone is designed and completed. The well operational 
conditions are set via allocation of injection and production rates with appropriate 
bottomhole-pressure limits. The disposal zone is considered to be an aquifer 
containing saline water. The initial pressure in this zone is based on the hydrostatic 
head corresponding to the water. It has no-flow boundaries on the sides and at the 
bottom and is underlain by the seal. The integrity of the seal has been used as an 
uncertain variable through the vertical transmissibility of the seal. The overlying 
producing zone is initially filled with hydrocarbon and water with a water/oil 
contact specified within the producing zone. 
 
Figure 72. Schematic of the 3D model containing disposal zone and 
production zone separated by a seal 
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Uncertainty characterization is performed using the design of experiment 
(DoE). For this step, a list of parameters that can affect disposal-well performance 
is first identified. Appropriate ranges of these uncertain parameters are determined 
from the Arbuckle-specific sources. DoE simulation runs are performed, and 
responses examined via performance plots and Pareto charts. Pareto charts 
highlight the important factors affecting disposal-well performance variables, 
cumulative disposal water volume and disposal-well bottomhole pressure.  
This workflow is applied to various scenarios, namely: 
• Scenario 1: Base Case 
• Scenario 2: Compressible fluid in a producing zone 
• Scenario 3: Petrophysical heterogeneity in disposal zone 
• Scenario 4: Presence of natural fractures 
• Scenario 5: Communication through completion anomaly 
3D model construction with disposal zone and production zone 
Petrophysical and fluid model for each zone 
Injector and producer wells design in respective zones 
Scheduling well-controls - injection/production rates and 
bottomhole pressure (BHP) limits 
Uncertainty matrix setup with ranges of all variables for Design 
of Experiment (DoE) 
Analysis of DoE case responses with performance and Pareto 
plots for critical variables identification 
Figure 73. Schematic of the 3D model containing disposal zone and 
production zone separated by a seal 
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For all five scenarios, fractional factorial design (level 2) over more compact 
design, such as Plackett-Burman as the DoE sampling template has been used. This 
step kept the number of simulation cases to a manageable number of 64. 
Additionally, it is intended to explore the extreme cases to bracket the solution 
space. The design choice, however, would not impact the conclusions or the 
applicability of the proposed approach. Description of various DoE can be found in 
Antony (2014). 
Table 9 presents the uncertain parameters and their ranges for all five scenarios. 
A limited number of parameters for each scenario are considered to keep the 
simulation runs manageable. For a sealed compartment case, the vertical 
transmissibility of seal is zero, whereas that for a leaky compartment it is non-zero. 
The term “transmissibility” is standard in the reservoir-simulation literature. 
Transmissibility is comprised of a geometric component (stemming from the 
interface of the two adjacent cells) and a permeability component based on the 
values of the corresponding adjacent cells. Vertical anisotropy refers to the ratio of 
the vertical to lateral (or horizontal) permeability in the disposal zone and the 
producing zone. The uncertain parameters listed in Table 9 are based on Arbuckle-
specific data. Morgan and Murray (2015) reported matrix and fracture permeability 
values. Porosity values considered are representative of this formation as 
characterized by History Matching process. Formation compressibility 
corresponding to the porosity values is obtained from the limestone-specific 
literature (Hall 1953, Newman 1973).  
 
  
 
7
9
 
Table 9. Description of the uncertain parameters 
Parameters Low High Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 
Vertical transmissibility multiplier of seal 0 10 √ √ √ √ √ 
Disposal zone formation compressibility, psi-1 9E-6 5E-5 √ √ √ √ √ 
Production zone porosity, % 5 30 √ √   √ 
Disposal zone porosity, % 5 30 √ √ √ √ √ 
Production zone permeability, mD 5 50 √ √   √ 
Disposal zone permeability, mD 5 50 √ √ √ √ √ 
Vertical variogram range for porosity, ft 5 25   √   
Nugget for porosity 0.01 0.1   √   
Minor direction variogram range for porosity, ft 500 1200   √   
Major direction variogram range for porosity, ft 600 3600   √   
Matrix-fracture coupling 0.005 10    √  
Vertical anisotropy 0.1 10    √ √ 
Fracture porosity, % 0.5 3    √  
Fracture permeability, mD 500 5000    √  
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Figure 74 through 78 identifies the critical factors impacting cumulative water 
injection and bottomhole pressure based on the Pareto plots for all five scenarios 
and Table 10 presents a summary of the critical factors. These items will be 
discussed later for each scenario. 
 
Figure 74. Impact of various parameters on cumulative disposal water 
volume and bottomhole pressure for the Base Case 
 
Figure 75. Impact of various parameters on cumulative disposal water 
volume and bottomhole pressure for the compressible fluid in producing 
zone scenario 
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Figure 76. Impact of various parameters on cumulative disposal water 
volume and bottomhole pressure for the heterogeneity in disposal zone 
scenario 
 
Figure 77. Impact of various parameters on cumulative disposal water 
volume and bottomhole pressure for the natural fractures scenario 
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Figure 78. Impact of various parameters on cumulative disposal water 
volume and bottomhole pressure for the completion anomaly scenario 
  
Table 10. Summary of critical factors for impacting cumulative injection and 
bottomhole pressure for all scenarios 
Affecting 
variables→ 
Cumulative water injection 
(CWI) 
Bottomhole pressure (BHP) 
Combined 
CWI and BHP Scenarios ↓ 
Base case 
Porosity, permeability and rock 
compressibility of disposal 
zone 
Permeability and porosity of 
disposal zone and seal 
integrity 
Porosity, 
permeability 
and rock 
compressibility 
of disposal 
zone 
Compressible fluid 
in producing zone 
Seal integrity and porosity, 
permeability and rock 
compressibility of disposal 
zone 
Permeability, porosity and 
rock compressibility of 
disposal zone and seal 
integrity 
Seal integrity 
and porosity, 
permeability 
and rock 
compressibility 
of disposal 
zone 
Heterogeneity in 
disposal zone 
Porosity, permeability and rock 
compressibility of disposal 
zone 
Permeability and porosity of 
disposal zone and seal 
integrity 
Porosity, 
permeability 
and rock 
compressibility 
1
0.81
0.24
0.22
0.14
0.14
Disposal zone permeability
Production zone
permeability
Transmissibility of seal
Production zone porosity
Disposal zone porosity
Vertical anisotropy
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of disposal 
zone 
Natural fractures 
Fracture porosity and 
permeability, porosity and rock 
compressibility of disposal 
zone  
Fracture porosity and 
permeability, porosity and 
rock compressibility of 
disposal zone 
Fracture 
porosity and 
permeability, 
porosity and 
rock 
compressibility 
of disposal 
zone 
Completion 
anomaly 
Vertical anisotropy and 
permeability of production 
zone 
Permeability of disposal and 
production zone 
Permeability 
of disposal 
and 
production 
zone 
 
5.2.1. Base Case 
In this scenario, all three zones (disposal zone, producing zone, and the seal) 
have homogenous petrophysical properties. Producing zone contains a slightly 
compressible fluid. Table 11 presents the Base Case model description. The 
specifications described in the Base Case model are based on Arbuckle-specific 
data. 
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Table 11. Specifications of the base model. 
(* indicates specification included in DoE) 
 
 
 
 
 
 
 
 
The average inter-well distance typical for the disposal wells in the 
Arbuckle zone is 5,000 ft. Therefore, the dimension of the simulation models 
corresponding to 5,000 ft is fixed.  Gross interval is determined using average 
perforation thickness (Oklahoma Corporation Commission, 2017). Stratification-
specific information for the Arbuckle Group is not available in well-logs or other 
records. For this study, the effect of stratification is ignored for simplicity. 
However, the effect of vertical anisotropy and gross interval is investigated as 
discussed later. 
The maximum bottomhole pressure limit of 2,800 psi is considered based 
on the fracture gradient of 0.65 psi/ft for a perforation depth of 4,300 ft. Perforation 
depth of 4,300 ft is the typical depth for the disposal wells penetrating the Arbuckle 
Group. Figure 79 displays the injection profile for all the cases. The injection-rate 
profile is considered in line with the wells in the Arbuckle Group.  
Specification Value 
Compartment size 574 acres 
Gross interval of compartment 700 ft 
Maximum bottomhole pressure limit 2800 psi 
Porosity of disposal zone* 10% 
Permeability of disposal zone* 5 mD 
Porosity of production zone* 15% 
Permeability of production zone* 5 mD 
Formation compressibility of disposal zone* 9E-6 psi-1 
Transmissibility multiplier of seal* 1 
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For the Base Case, the impact of porosity and permeability of producing 
and disposal zones, formation compressibility of disposal zone and transmissibility 
of seal are investigated. A total of 64 cases constructed in the DoE are simulated. 
Figure 80 presents the cumulative water injection profile of six extreme cases out 
of total 64 DoE case-responses. Cumulative injection profiles can be broadly 
classified into two categories: one having low disposal-zone permeability (labeled 
3, 4 and 5 in Figure 80) and the other high (labeled 1, 2 and 6 in Figure 80). For the 
profiles 1, 2, 3 and 4, disposal-zone porosity is high, while for the profiles 5 and 6, 
it is low. Profile 1 has higher formation compressibility compared to Profile 2. 
Profile 3 has leaky seal compartment while Profile 4 has sealed compartment.  
 
 
 
 
 
 
Figure 79. Well injection profile for all 
scenarios 
Figure 80. Cumulative water injection profiles 
of six extreme cases out of total 64 DoE case-
responses for the Base Case scenario 
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When the properties are homogenous as in the Base Case, dominant factors 
(see Figure 74) are permeability, porosity and rock compressibility of the disposal 
zone. This aligns with the conventional wisdom. Similar findings are presented in 
Saripalli et al. (2000). In subsequent scenarios, changes are made to the Base Case 
to understand the impact of various parameters. 
5.2.2. Compressible Fluid in the Producing Zone 
The compressibility of the total system increases significantly in the 
presence of gaseous phase. This may have an impact on disposal-well performance 
where the producing zone is in communication with the disposal zone. The disposal 
zone will be in communication with the overlying producing zone when the vertical 
transmissibility of the seal is non-zero. This effect is investigated in this section. As 
Table 9 suggests, uncertainty parameters for this scenario are the same as the Base 
Case scenario. 
When the disposal zone is in communication with a producing zone having 
compressible fluid, the seal integrity plays a significant role, as Figure 75 suggests. 
The more compressible the fluid in the communicating producing zone, the stronger 
will be the impact on injectivity. Porosity, permeability, and rock compressibility 
of the disposal zone have relatively less impact on disposal-well performance.  
5.2.3. Petrophysical Heterogeneity in Disposal Zone 
Heterogeneity in petrophysical properties will have a strong impact on well 
performance. In this scenario, the role of heterogeneity in disposal process is 
explored. Keeping all other parameters of the Base Case, heterogeneous porosity 
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and permeability distributions using vertical, major and minor direction variogram 
values, and nugget for porosity distribution are constructed for DoE. First, 3D 
stochastic models of porosity are constructed. Permeability models are then co-
simulated using porosity distribution as a secondary variable. 
The Pareto plot in Figure 76 shows that permeability is most dominant. 
Other critical factors for the heterogeneous medium are porosity, rock 
compressibility of disposal zone, and seal integrity. 
5.2.4. Presence of Natural Fractures 
Dual-porosity models are used to investigate the effect of pre-existing 
natural fractures and the interaction between natural fractures and the matrix. The 
presence of natural fractures alters porosity and connectivity of the disposal 
compartments. Generally, these two parameters are key to the performance of 
disposal operation. In this section, three additional parameters related to natural 
fractures are investigated, as shown in Table 9. These parameters are fracture 
porosity, fracture permeability, and matrix-fracture coupling. Description of dual-
porosity models can be found in the reservoir engineering literature (Barenblatt et 
al. 1960, Kazemi 1969). 
Figure 77 suggests that natural-fracture permeability and porosity have, by 
far, a significant impact on injection-well performance, whereas matrix porosity 
and rock compressibility of the disposal zone have a secondary effect. However, 
the effect of the matrix-fracture interaction term is apparently small. This may be 
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an artifact of how the statistical Design of Experiments (DoE) is constructed. This 
effect shall be explored in a future study. 
5.2.5. Communication through Completion Anomaly 
Completion anomaly refers to situation where the isolation of the producing 
and the disposal zones has been compromised due to damaged or leaky packer 
between the two zones within the injection well string. In case of a faulty well 
completion configuration, injection water may partially and unintentionally be 
injected into the producing zone. Such an outcome, which is fairly common, 
compromises the sealing nature of the disposal zone. Given this reality, a scenario 
is considered where the injection-well completion is an openhole type, and 
communication between the injection zone and overlying producing zone can take 
place. The additional parameter (see Table 9) for uncertainty analysis is vertical 
anisotropy. 
When both zones are in communication, the permeability of both disposal 
and production intervals will have a dominant effect on injection-well performance, 
as Figure 78 suggests. 
5.3. Diagnostics for Wastewater Disposal-Well Monitoring 
Safe water disposal operations can be achieved by continuous monitoring 
of the injection process and checking the injection behavior. In this section a 
workflow as shown in Figure 81 is devised, to monitor and identify abnormal 
injection behavior and applied it to all the scenarios analyzed in the previous 
section. The workflow starts with the generation of injection rate and pressure 
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profiles. First, the injectant/native fluid interface pressure is estimated, which is 
designated as pe. Thereafter, the Hall integral (IH) and its derivative (DHI) (Izgec 
and Kabir 2009) are calculated. When plotted against the cumulative water 
injection, the two curves of IH and DHI overlay for normal injection. As shown in 
Figure 82, departure point is the maximum cumulative injection point up to which 
the normal injection is apparent; that is, before the DHI curve starts deviating from 
its IH counterpart. Cumulative injection is determined by the departure point, which 
is defined as CID, and further analysis of injection behavior using this information 
is carried out. 
 
Generation of performance profiles (pressure and rates) 
Interface pressure (pe) determination 
Calculation of Hall Integrals (IH) and Derivatives of Hall 
Integrals (DHI) 
Plotting of IH and DHI against cumulative water injection 
Departure-points identification 
Determining cumulative injection at departure-points 
Causality analysis of injection behavior 
Figure 81. Wastewater disposal-well 
monitoring workflow 
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As discussed earlier in Chapter-3, in the modified-Hall analysis, the amount 
of pressure buildup in the disposal wells over time as well as the rate at which the 
pressure buildup takes place with injection, more precisely, cumulative injection 
volume are primarily determined and monitored. Under normal injection condition, 
both of these curves will have the same slope initially. When the disposal well 
experiences injectivity loss or some form of formation plugging, the derivative 
curve will deviate away (upward) from the Hall plot. That means the pressure is 
building up rapidly with small incremental injection. On the other hand, when 
disposal well experiences induced fracturing, the derivative plot will deviate away 
(downward) from the Hall plot. In this case, the pressure does not build up even 
when there is significant injection after the fracturing event.  
In this analysis, single or multiple disposal-wells can be modeled in a 
consistent manner. The only complication that stems in the case of multiple disposal 
wells is that the virgin pressure around the disposal wells is affected by the flow 
from other interfering disposal wells. The proposed approach works in multi-well 
cases equally well. 
Figure 82. Departure point identification in 
the modified-Hall analysis plots 
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Analysis involves calculation of percent pore-volume injection, which is 
designated as PVID%, using the cumulative injection at the departure point (CID). 
PVID% is defined as CID divided by the pore-volume of the injection compartment. 
It is found that PVID% constitutes the major dependent variable in discerning safe 
operable limits. The underlying objective is to identify the limiting conditions of 
variables for safe operating conditions. 
The above workflow and analysis are applied to all the identified scenarios. 
Figures 83 through 92 show histograms of percent pore-volume injection and 
cumulative injection obtained from the analysis. In Table 12, the conditions where 
high percent pore-volume and cumulative injection exist and could be causing the 
abnormal injection behavior are summarized. It is identified that a pore-volume 
injection greater than 2% will trigger the abnormal behavior. 
 
Figure 83. Histogram of % pore-volume injection – Base Case 
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Figure 84. Histogram of absolute cumulative injection – Base Case 
 
Figure 85. Histogram of % pore-volume injection – Compressible fluid in 
producing zone 
 
Figure 86. Histogram of absolute cumulative injection – Compressible fluid 
in producing zone 
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Figure 87. Histogram of % pore-volume injection – Heterogeneous scenario 
 
Figure 88. Histogram of absolute cumulative injection – Heterogeneous 
scenario 
 
Figure 89. Histogram of % pore-volume injection – Natural-fractures 
scenario 
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Figure 90. Histogram of % pore-volume injection – Natural-fractures 
scenario 
 
Figure 91. Histogram of % pore-volume injection – Completion anomaly 
scenario 
 
Figure 92. Histogram of % pore-volume injection – Completion anomaly 
scenario 
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Table 12. Conditions with high percent pore-volume and cumulative 
injection for all scenarios 
Scenarios 
Variables 
Percent pore-volume injection (PVID%) Absolute cumulative injection (CID) 
Base case 
High conductivity allows more fluid injection and 
low porosity leads to low pore-volume - high 
PVID% 
High porosity and conductivity in 
disposal zone - high CID 
Compressible fluid in 
producing zone 
Leaky seal, along with high conductivity and low 
porosity - high PVID% 
High conductivity with leaky seal, or 
if seal is tight, high conductivity with 
high porosity - high CID 
Heterogeneity in 
disposal zone 
High conductivity and low porosity - high PVID% 
High conductivity - higher CID, 
expect when the seal is tight and 
formation compressibility is low 
Natural fractures 
Formation compressibility is high, and porosity is 
low in disposal zone, along with low fracture 
porosity and high fracture permeability - high 
PVID% 
High formation compressibility or 
high porosity in the disposal zone 
expect when the fracture porosity 
and permeability both are low - high 
CID 
Completion anomaly High permeability in disposal zone - high PVID% 
Constant cumulative injection 
profiles, as the fluid has enough 
porosity and conductivity to flow in 
both disposal and production zone 
 
5.4. Impact of a Few Key Parameters 
5.4.1. Effect of Porosity-Dependent Formation Compressibility 
In the previous sections, the values of porosity and formation 
compressibility were varied independent of each other. Given that compressibility 
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has porosity dependency (Zimmerman 1986), this section explores the impact of 
porosity-dependent compressibility. 
Two scenarios to study this effect of porosity-dependent compressibility are 
considered. In Scenario 1, formation compressibility is calculated using the pore-
volume compressibility correlation with porosity for limestone (Jalalah 2006) as 
shown in Eq. 16. It is an empirical equation based on fitting data compiled data 
from different parts of the world. In Scenario 2, the compressibility value is kept 
constant at 1.8E-6 psi-1. Table 13 shows the values of porosity considered and the 
corresponding compressibility for both scenarios. Ten simulation cases are 
performed keeping the other parameters constant. Departure points are identified 
on the modified-Hall plots, and Figure 93 displays the corresponding cumulative 
injection and percent pore-volume injection. 
𝑐𝑓 = 5 x 10
−6 ∙ 𝜙−1             (19)  
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Table 13. Compressibility values with corresponding porosity in both 
scenarios for comparing injectivity 
Porosity (%) 
Scenario 1 Scenario 2 
Compressibility (psi-1) Compressibility (psi-1) 
2.5 2.0E-5 1.8E-6 
5 1.0E-5 1.8E-6 
10 5.0E-6 1.8E-6 
15 3.5E-6 1.8E-6 
20 2.4E-6 1.8E-6 
 
 
Figure 93. Percent pore-volume injection and cumulative injection show the 
effect of porosity dependent formation compressibility comparing varying 
and constant formation compressibility 
 
It can be observed that cumulative injection (CID) is higher in Scenario 2 
compared to Scenario 1. Also, with increasing porosity, there is a more pronounced 
increase in cumulative injection in Scenario 2 compared to Scenario 1. This study 
reveals that when both porosity and compressibility are considered independently, 
overestimation of the percent pore-volume injection (PVID%) occurs because 
cumulative injection is too large. This overestimation can be as high as 40% at a 
porosity of 20%. 
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5.4.2. Effect of Injection Rate 
One may question if the injection rate will affect the disposal operation. In 
this section, this point is investigated in the context of injection behavior. So far, 
injection-rate profiles similar to those observed in the Arbuckle Group disposal 
wells are considered. Here, injection rates in the multiples of 0.1, 0.25, 0.5 and 1.5 
of the original injection-rate profile are considered. For each profile, a Design of 
Experiment (DoE) analysis using 16 simulation runs is carried out. Figures 94 and 
95 present percent pore-volume injection and cumulative injection at the departure 
points, determined using the modified-Hall plots and compared with the Base Case 
injection-rate (displayed in x-axis with a multiplier of one). 
 
Figure 94. Percent pore-volume injection to show the effect of multiples of 
original injection rates 
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Figure 95. Cumulative injection to show the effect of multiples of original 
injection rates 
Figures 94 and 95 display the injection-rate dependence on normal-injection 
behavior. They suggest that the high-injection rates (not high enough to fracture the 
formation) are favorable over those considered at lower rates. Saripalli et al. (2000) 
pointed out that injectivity declines with low injection rates. Note that the disposal 
volume is restricted to less than 2% of pore-volume under favorable conditions, 
such as that in the low-compressibility formation and in a large contiguous 
compartment. Zhu et al. (2017) illustrate the response of varying injection rate to 
reactivation of faults in detail. 
5.4.3. Effect of Compartment Interval 
Compartment thickness may have a different impact on well performance 
compared to compartment size. Gravity will also affect the well performance with 
increasing formation thickness. In all cases, a gross interval of 700 ft was 
considered. This value is based on the average perforation thickness of disposal 
wells in the Arbuckle. To understand the effect of the gross interval, a DoE analysis 
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using 16 simulation runs is carried out for interval thicknesses of 100 and 400 ft, 
respectively. 
Percent pore-volume injection at the departure points for 100 and 400 ft 
intervals are shown in Figure 96. Only the sealed compartment cases are shown in 
this figure. The anomalously high percent pore-volume injection occurs for 100 ft 
interval with low porosity and high permeability. Apart from that, percent pore-
volume injection for all the other cases is less than 2%. It can be concluded that 
disposal volume less than 2% of pore-volume will be a safe operational limit for 
disposal zones with a shorter gross interval. 
 
Figure 96. Percent pore-volume injection for gross interval of 700 ft (Base 
Case) with corresponding case of 100 ft and 400 ft intervals for sealed 
compartments 
 
5.5. Impact of Compartment Size on Injectivity 
Compartment size plays a very important role during the disposal process. 
Analysis showing the impact of compartment size on injectivity can be very useful 
in establishing safe operational procedure. In this context, the effect of different 
compartment sizes on injectivity under various conditions is investigated. Figure 
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97 presents a workflow to establish a relationship between the compartment size 
and cumulative injection. The same workflow reveals the correlation of fracture 
gradient with injectivity. 
In the workflow, compartment sizes are selected based on the range of inter-
well distance for disposal wells in Arbuckle aquifer involving 144, 574, 1469 and 
3305 acres. Thereafter, porosity, permeability, and compressibility of the disposal 
zone, and transmissibility of seal are selected as critical factors for the injection 
well performance workflow. The next step entails sensitivity analyses to check how 
each critical factor impacts compartment size. Figures 98 through 101, present the 
results from the diagnostics workflow applied for the sensitivity cases. The trend 
reveals that CID increases while PVID% decreases with increasing compartment 
size. From analysis carried out for porosity, PVID% in a low-porosity case is higher 
than those in a high-porosity case. This finding confirms the previous results; that 
Selection of compartment sizes / fracture gradients 
Critical factor identification using the injection well-performance 
workflow  
Sensitivity analyses (OVAT) with individual critical parameters 
Uncertainty analysis using critical parameters 
Modified Hall Analysis  
Establishing relationship between compartment size/fracture 
gradient and the cumulative injection at the departure point  
Figure 97. Impact of compartment 
size/fracture gradient workflow 
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is, a lower formation porosity leads to lower available pore-volume, although 
PVID% is higher.  
 
Figure 98. Impact of permeability on injectivity by varying compartment size 
 
Figure 99. Impact of porosity on injectivity by varying compartment size 
 
Figure 100. Impact of seal integrity on injectivity by varying compartment 
size 
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Figure 101. Impact of formation compressibility on injectivity by varying 
compartment size 
 
Next, uncertainty analysis is performed using the critical factors for all the 
compartment sizes. Table 14 presents the uncertainty matrix. Selecting the 
departure points on the modified-Hall plots became the cornerstone of this analysis. 
Figure 102 presents a sample of identified departure points for the 1,469-acre 
compartment size. Figures 103 and 104 display the relationship of percent pore-
volume injection (PVID%) and cumulative injection (CID) with compartment size, 
wherein the formation compressibility turned out to be the dominant parameter. 
Displayed within the orange envelope in the figures is a cluster of higher CID 
profiles, commensurate with high formation compressibility. In contrast, the blue 
envelope is a cluster of lower CID profiles, related to low formation compressibility. 
PVID% varies more in smaller compartment size compared to those in larger 
compartment size, where the values are lower. This observation is a consequence 
of the reciprocity effect of compartment pore-volume on percent-pore volume 
injection variable.  
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Table 14. Description of the uncertain parameters – Impact of compartment 
size and fracture gradient on injectivity 
Parameter Low High 
Disposal zone porosity, % 5 30 
Disposal zone permeability, mD 5 50 
Disposal zone formation compressibility, psi-1 9E-6 5E-5 
Transmissibility multiplier – seal 0 10 
 
Figure 102. Example of departure points (shown as black dots) 
determination while analyzing the compartment size effect of 1469-acres. X-
axis is cumulative water injection (MMSTB), Y-axis represents (psi-
MMSTB) Hall Integral (blue) and Derivative of Hall Integral (orange) 
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Figure 103. Relationship of percent pore-volume injection with compartment 
size, orange and blue envelopes are clusters based on formation 
compressibility 
 
Figure 104. Relationship of absolute cumulative injection with compartment 
size, orange and blue envelopes are clusters based on formation 
compressibility 
5.6. Correlating Fracture Gradient with Injectivity 
Fracture gradient is defined as the maximum pressure gradient within which 
fractures are not induced in the disposal formation. In this study, the effect of 
fracture gradients via the maximum allowable bottomhole pressure is investigated. 
That is, if the formation fracture gradient is high, then the bottomhole pressure limit 
for injection will be high. This variable directly impacts the injectivity during 
disposal. Following the same steps, as shown in Figure 97, for determining the 
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effect of compartment size with injectivity, the relationship between cumulative 
injection and fracture gradient is developed. 
A selection consisting of five pressure gradients ranging from 0.64 to 0.84 
psi/ft (Holubnyak 2016) corresponding to maximum BHP limits of 2,800 to 3,650 
psi, respectively is carried out. The same compartment size of 1,469 acres is 
retained in this study segment. The critical factors identified are porosity, 
permeability, formation compressibility of the disposal zone, and transmissibility 
of seal. Figures 105 through 108 present the results of the sensitivity runs for these 
critical factors. As expected, the CID increased with increasing fracture gradient. In 
addition, the PVID% values are distinctly different for low and high porosity and 
permeability cases. However, these values are closer to the formation 
compressibility and seal integrity in the high and low cases. It can be inferred that, 
individually, porosity and permeability are more influencing in this study. 
 
Figure 105.  Impact of permeability on injectivity by varying fracture 
gradient 
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Figure 107. Impact of seal integrity on injectivity by varying fracture 
gradient 
 
Figure 108.  Impact of formation compressibility on injectivity by varying 
fracture gradient 
The uncertainty matrix for fracture-gradient investigation is presented in 
Table 14. Figures 109 and 110 show the relationship of absolute cumulative 
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Figure 106. Impact of porosity on injectivity 
by varying fracture gradient 
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injection (CID) and percent pore-volume injection (PVID%) with fracture gradient.  
In general, PVID% increases with increasing fracture gradient. In the figures, orange 
envelope represents a cluster of high PVID% scenarios corresponding to high 
formation compressibility and low porosity.  The blue envelope is a cluster of 
intermediate to low PVID% scenarios with low formation compressibility.   While 
the green envelope clusters low PVID% scenarios found in high formation 
compressibility and high porosity. Thus, formation compressibility and porosity 
define the relationship between fracture gradient and injectivity. 
 
Figure 109. Relationship of percent pore injection with fracture gradient, 
orange, green and blue envelopes are clusters based on formation 
compressibility and porosity 
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Figure 110. Relationship of absolute cumulative injection with fracture 
gradient, orange, green and blue envelopes are clusters based on formation 
compressibility and porosity 
Around 300 simulation cases with sealed injection compartment are 
analyzed in this study. Figure 111 shows a histogram of percent pore-volume 
injection (PVID%) for all these simulation runs. The figure suggests that at about 
80% probability, the percent pore-volume injection is less than 2%. However, a 
combination of high permeability, low porosity and high formation compressibility 
show higher percent pore-volume injection capability. 
 
Figure 111. Histogram summarizing the percent pore-volume injection 
results of around 300 conditions having sealed compartments 
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5.7. Workflow for Safe Water-Disposal Operations 
Lessons from all the studies are combined, and a simple workflow for the 
safe-water disposal operations is crafted, as shown in Figure 112. Well 
surveillance-data, such as injection rate and bottomhole pressure, and well 
completion data is required to implement the workflow. The use of rate transient 
analysis (RTA) ensured ascertaining the compartment volume. Certainly, geology 
and petrophysical information can assist in independent corroboration of the 
compartment volume. 
 
 
 
 
 
 
 
Next, the modified-Hall Analysis (Izgec and Kabir 2009) is used to monitor 
the real-time injection behavior. When the derivative of Hall integral deviates from 
the Hall integral, the injection limit is reached. Additionally, the cumulative 
injection and percent pore-volume injection should be continuously checked, to 
keep it within the safe operating limits. As a rule of thumb, the percent pore-volume 
injection needs to be kept less than 2% of the container volume for safe water 
disposal operation. The compartment size obtained from the rate-transient analysis 
or RTA constitutes the critical element in this workflow. It can be noted that the 
Data acquisition: injection rates, injection bottom-hole 
pressures, completion data 
Estimation of compartment properties (drainage volume) using 
Rate Transient Analysis (RTA) 
Monitoring normal injection behavior using Modified Hall 
Analysis 
Monitoring cumulative injection level to ensure safe operational 
limits 
Figure 112. Workflow for safe water-disposal 
operations. 
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fundamental purpose of RTA as used in the reservoir-engineering discipline pivots 
on estimating the connected pore volume in the presence of late-time boundary-
dominated flow in producing wells. Here, an attempt to replicate the same idea in 
the context of available and contiguous pore volume connected with each disposal 
well is made. 
I determined the average inter-well distances based on Arbuckle Group 
disposal wells. I obtained the average perforation-interval thickness from the 
completion reports. Both the average inter-well distance and perforation interval 
determined the compartment size for the synthetic models. The pore volume is 
simply the product of the disposal zone bulk volume and the net porosity. However 
in a realistic setting, I propose to use RTA of the injection rates and pressure to 
determine the equivalent pore volume intercepted by the disposal well. 
Two cases for determining the compartment volume are presented here. 
One case had a sealed compartment and the other one contained a leaky fault. A 
compartment size of 1,469 acres was considered in both cases. Figures 113 
through 116 show the RTA results, including the p and q match, the log-log and 
the Blasingame type-curve plots, as detailed in Houze et al. (2017), for the tightly 
sealed compartment case. Figures 117 through 120 show the RTA results for the 
leaky-fault. The compartment size, using RTA, was estimated to be 1,415 acres for 
the sealed compartment case and 1,552 acres for the leaky-fault case. As expected, 
in case of leaky fault case, the estimated compartment size turned out to be 
somewhat larger than the actual size due to fluid leakage. These results validate that 
RTA technique can yield a good estimate of the compartment size. 
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Figure 113. RTA results - q match (tightly sealed compartment) 
 
Figure 114. RTA results - p match (tightly sealed compartment) 
 
Figure 115. RTA results – log-log diagnostic (tightly sealed compartment) 
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Figure 116. RTA results – Blasingame type curve (tightly sealed 
compartment) 
 
Figure 117. RTA results - q match (leaky fault) 
  
Figure 118. RTA results - p match (leaky fault) 
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Figure 119. RTA results – log-log diagnostic (leaky fault) 
 
Figure 120. RTA results – Blasingame type curve (leaky fault) 
 
 In this chapter, I got a deep insight into the wastewater disposal process and 
the learning was based on studying various sub-surface scenarios. The parameters 
that affect the disposal process were also studied. Modified-Hall analysis (MHA) 
was not only used to understand the limiting behavior of disposal but also to 
quantify the safe amount of disposal. These learnings led to formulating an 
operational practice for safe-disposal. Compartment size was required for this 
process, which was obtained using Rate Transient Analysis (RTA). Next, I will 
present a few points of discussion, conclusions and recommendations based on the 
entire study. 
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Chapter 6: Discussion and Conclusions 
In this chapter, I summarize the efforts to investigate and monitor the 
wastewater disposal process with the help of available information from the 
Arbuckle-Group formation. I also discuss the assumptions and limitations of the 
study. Finally, I shall present key findings of the study. 
6.1. Discussion 
Arbuckle-Group was chosen as a zone of interest as huge volumes of 
wastewater is disposed in this formation and an increase in seismicity linked with 
this process is observed. An integrated team of geophysicists, geologists and 
engineers were involved in this work. This study focuses on the engineering aspect 
of the integrated analysis. 
I used 3D seismic survey, well log data, injection and completion data for 
29 wells for the study. I estimated porosity, permeability, mineralogy and 
geomechanical properties of core samples from the SHADS #4 well in Rogers 
County, Oklahoma. I carried out analysis on injection dataset which includes 
performing data quality checks, conversion of the well-head pressure to bottom-
hole pressure, identification of flow regimes using material time-balance 
diagnostics plot, estimating ambient reservoir pressures using Silin slope analysis 
and understanding the injection behavior of the wells using modified-Hall analysis. 
I also carried out a quick analysis to correlate the injection parameters with the 
seismicity. 
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I created a model for history matching process using the geological static 
model and available information about the study area. I carried out history matching 
iterations using the identified impactful parameters, until a reasonable match for 
bottom-hole pressure and injection rate is obtained. I also studied the behavior of 
the faults. There is a further scope to improve the characterization by carrying out 
more stages of history matching. 
Various assumptions and limitations pertaining to these efforts include: 
• No core data were available for the wells under study. Core data would 
enable us to create better porosity and permeability models initially with the 
availability of this data. 
• Quality of the public datasets (injection and completion data), is of limited 
reliability. I commonly encountered conditions like averaged pressures and 
injection rates, abnormally high pressures and rates, increasing pressure 
with decreasing injection or vice-versa. 
• The injection dataset contained wellhead pressures, however, the bottom-
hole pressure is required for most of the analysis. To enable this conversion 
key parameters such as temperature, salinity and flowing conditions among 
others were not available. A judgment of key parameters was obtained using 
sensitivity analysis. 
• The information regarding the fluid distribution in the study area is not 
available. As a part of this study, I considered the Arbuckle-Group and the 
connected basement to be entirely water saturated.  
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• There is limited information available regarding the Arbuckle-connected 
basement formation. Only a handful of well logs penetrate the basement. 
However, as pointed in literature, most of the seismic events take place in 
basement. 
In the effort to learn the disposal process, I used a systematic approach to 
understand the overall issues surrounding wastewater disposal in saline aquifers, 
specifically in the Arbuckle Group in Oklahoma. The same method can be followed 
in any setting to assess the limits of safe water disposal requirements. In this 
context, specific workflows provide the foundations for understanding the physical 
processes of disposal and diagnostics for real-time monitoring. 
The applicability of these workflows and analyses can be useful provided 
good quality injection data are available. Competent surveillance techniques 
proposed in this study become a requirement in recognizing the need for changing 
the disposal compartment. In this regard, operators and participating agencies alike 
need to implement the simple surveillance guidelines and frequent data analysis as 
espoused here for ensuring safe disposal operations. In this context, it is proposed 
that the modified-Hall plot is critical in that it alerts us when to cease injection in a 
given interval. In this study, monitoring of injection volumes and pressure using 
the proposed approach is recommended as a bare-bone surveillance method for 
injection wells. However, additional surveillance, such as temperature survey, 
pressure monitoring for well and completion integrity as suggested by Macary et 
al. (2012), among others, can bolster the cause for disposal.  
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The workflows encompassed various scenarios and a range of independent 
parameters in this study involving both single- and dual-porosity systems using 
simplified fluid-flow simulation models. However, faulted architecture of the 
disposal formation and geomechanics will play a significant role in disposal-well 
and formation dynamics and induced seismicity (Umholtz and Ouenes, 2016; 
Walsh and Zoback, 2015; Dusseault, 2010). Fan et al. (2016) have carried out 
geomechanical analysis to study the link between water disposal and initiation of 
seismic fault slip. A disposal formation with conductive faults communicating with 
overlying producing zone will have similar characteristics to the case where seal 
integrity is compromised and will accommodate a large volume of disposal water. 
On the other hand, sealing faults in the disposal formation will act as flow barriers 
and the container size will shrink, which will accommodate a smaller volume of 
disposal water. Notwithstanding, a full-blown study coupling fluid flow and 
geomechanical stress simulation will enhance the overall understanding of other 
disposal opportunities. This aspect will be probed in a future investigation. 
More subsurface and operational scenarios involving variable salinity of 
injection water and the presence of solids, among other variables affecting disposal 
performance, need probing. Stress-sensitive permeability, permeability-reduction 
phenomena or effect of thermal stress have not been investigated in this study. 
These aspects can be addressed in future efforts to enhance understanding of the 
wastewater-disposal formation dynamics further.  
Another aspect of produced water management and disposal is the chemical 
composition of the disposed water. Various technologies are available for recycling 
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and purification (removing salt, oil and grease contents) of the disposal water (Veil 
et al., 2011; Shafer, 2011). Al-Taq et al. (2017) suggested loss of injectivity takes 
place if suspended solids exceed 50 ppm, mean particle size exceeds 5 microns, the 
oil content exceeds 5 microns, or continuous injection is disrupted triggering 
particle settling. In this study, these aspects are neither investigated nor their impact 
on injectivity studied. Additionally, chemical reactions or mineral-water 
interactions are not discussed. An investigation coupling water chemistry, fluid 
flow, and stress simulation to ascertain the injection limits will be beneficial to the 
community. The approach of monitoring injection wells using modified-Hall plot 
will apply in these conditions where formation plugging is occurring (Izgec and 
Kabir 2009). 
Overall, the results pointed to 2% of the container volume as the maximum 
safe disposal volume with 80% probability. The allowable disposal volumes are in 
substantial alignment with the CO2 storage efficiency figures for limestone 
formations discussed in Goodman et al. (2011) and EIAGHG report (2009). Earlier, 
Ehlig-Economides and Economides (2010) suggested 1% of supercritical CO2 
disposal, while Zhou et al. (2008) proposed 0.5%. Multiphase flow condition in the 
case of CO2 disposal in aquifers will have trapping mechanisms that may constrain 
the allowable injection volume to be lower than that in the wastewater disposal 
situation. 
This approach should be considered as a proactive measure for monitoring 
disposal well performance. Induced seismicity can be prevented or minimized if 
safe operational practice proposed in this study is put in place. The primary 
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objective here is to establish a diagnostics and monitoring means for water-disposal 
wells. Irrespective of the physical processes, the ability to diagnose normal 
injection behavior can be achieved using the proposed approach. It is acknowledged 
that when multiple physical processes are in play, there may be compensating 
phenomena occurring that can prolong or reduce the duration of normal injection 
behavior. The monitoring and diagnosing approach will not change. However, the 
observed likely safe injection of 2% cumulative pore-volume injection may turn 
out to be marginally different. 
6.2. Conclusions 
Key conclusions from the characterization of Arbuckle-Group study are as follows: 
• Average porosity and permeability of the Arbuckle-Group formation ranges 
between about 7% and 10 mD, respectively. 
• I observe a slight lateral permeability anisotropy of 1.25 towards the Northing 
direction with respect to Easting direction evident in the Arbuckle-Group and 
observe vertical to lateral permeability anisotropy (𝑘𝑣 𝑘ℎ⁄ ) is approximately 
0.01 for the Arbuckle-Group. 
• Dominant parameters affecting history-match are permeability, horizontal and 
vertical anisotropy and porosity of Arbuckle-Group, permeability and 
horizontal anisotropy of overlying Simpson and the underlying basement 
formations, formation water density and viscosity, and productivity index (PI) 
multipliers (for the injection wells). 
• Faults play an important role in characterizing Arbuckle Group formation.  
 121 
 
 
Important conclusions from water-disposal investigation are as follows: 
• Besides porosity, permeability, and compressibility, seal integrity plays a 
critical role in water disposal storage. In general, the cumulative storage is tied 
to high-porosity and high-permeability systems due to favorable transmissivity 
for disseminating pressure. 
• The overall disposal volume is restricted to less than 2% of pore-volume under 
favorable conditions, such as low-compressibility formation in a large 
contiguous compartment. The same 2% criterion also applies in a sealed 
compartment with 80% probability while considering a number of variables. 
• The presence of natural fractures in the disposal zone improves the formation 
compressibility and transmissivity, leading to the increase of cumulative 
injection compared to its single-porosity counterpart. 
• The proposed workflow for safe water-disposal operations as presented here 
involves continuous monitoring of the injection profile (of both injection 
volumes and pressure) with the modified-Hall plot to ensure a safe operating 
limit, and assessing the compartment size from the rate-transient analysis. 
Modified-Hall plot will indicate if the normal injection is taking place. 
Knowledge of the container size will assure if the cumulative injection volume 
is within the safe limit (~2% of pore-volume). 
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Chapter 7: Recommendations 
In this study, I present an initial characterization Arbuckle-Group in Payne 
County, Oklahoma. I have analyzed from the wastewater disposal process in this 
confined reservoir and proposed monitoring and diagnostics techniques for safe 
wastewater disposal operation. I have also identified a few areas where additional 
work can be carried out for a deeper understanding of the problem and obtaining 
improved results. I recommend the following for future work: 
• Improve characterization of Arbuckle-Group in the same study area by carrying 
out more stages of history matching and learn the fault-conductivity 
characteristics. 
• Conduct a study to forecast the pressure propagation and build-up on allowing 
further injection in this area using fluid flow simulation is possible. 
• Construct 3-D Mechanical Earth Model (MEM) representing the 
geomechanical properties of the formations. A workflow to this end had been 
established, however, the investigations could not be completed given the data 
available. Comprehensive understanding of the behavior of the Arbuckle-
Group and basement formations, can be further enhanced through coupled 
fluid-flow and geomechanical stress simulation.  
• Explore simpler analytical techniques such as RTA in more detail for all the 
disposal wells, estimating the compartment size around these wells. Knowledge 
of the compartment size will enable monitoring these wells using the scheme 
devised in this thesis. 
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• Examine additional scenarios including variable salinity of injection water and 
the presence of solids in the injection fluid, among the others can help to 
improve the understanding of the wastewater disposal process.  
• Further develop the scenario having partial hydrocarbon fluid distribution was 
considered for analysis that was not investigated in detail in this study. 
• Examine the effect of chemical composition of the disposal water and its 
interaction with the formation rock and fluid. 
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Appendix I: Ambient Reservoir Pressure of 29 wells 
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Table 15. Values of Ambient Reservoir Pressure calculated using Silin slope 
analysis 
Well Name 
Ambient Reservoir 
Pressure (psi) 
Well A 2285 
Well B 2750 
Well C 2450 
Well D 2975 
Well E 2350 
Well F 2815 
Well G 2545 
Well H 2700 
Well I 2737 
Well J 2630 
Well K 2260 
Well L 2271 
Well M 2675 
Well N 3000 
Well O 2468 
Well P 2900 
Well Q 2630 
Well R 2515 
Well S 2604 
Well T 2375 
Well U 2725 
Well V 2630 
Well W 2740 
Well X 2500 
Well Y 2325 
Well Z 2635 
Well AA 2750 
Well AB 2600 
Well AC 2525 
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Appendix II: Modified-Hall Plots of 29 wells 
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Figure 121. Behavior of injection well using modified-Hall plot for Well A 
 
 
Figure 122. Behavior of injection well using modified-Hall plot for Well B 
 
 
Figure 123. Behavior of injection well using modified-Hall plot for Well C 
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Figure 124. Behavior of injection well using modified-Hall plot for Well D 
 
 
Figure 125. Behavior of injection well using modified-Hall plot for Well E 
 
 
Figure 126. Behavior of injection well using modified-Hall plot for Well F 
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Figure 127. Behavior of injection well using modified-Hall plot for Well G 
 
 
Figure 128. Behavior of injection well using modified-Hall plot for Well H 
 
 
Figure 129. Behavior of injection well using modified-Hall plot for Well I 
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Figure 130. Behavior of injection well using modified-Hall plot for Well J 
 
 
Figure 131. Behavior of injection well using modified-Hall plot for Well K 
 
 
Figure 132. Behavior of injection well using modified-Hall plot for Well L 
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Figure 133. Behavior of injection well using modified-Hall plot for Well M 
 
 
Figure 134. Behavior of injection well using modified-Hall plot for Well N 
 
 
Figure 135. Behavior of injection well using modified-Hall plot for Well O 
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Figure 136. Behavior of injection well using modified-Hall plot for Well P 
 
 
Figure 137. Behavior of injection well using modified-Hall plot for Well Q 
 
 
Figure 138. Behavior of injection well using modified-Hall plot for Well R 
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Figure 139. Behavior of injection well using modified-Hall plot for Well S 
 
 
Figure 140. Behavior of injection well using modified-Hall plot for Well T 
 
 
Figure 141. Behavior of injection well using modified-Hall plot for Well U 
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Figure 142. Behavior of injection well using modified-Hall plot for Well V 
 
 
Figure 143. Behavior of injection well using modified-Hall plot for Well W 
 
 
Figure 144. Behavior of injection well using modified-Hall plot for Well X 
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Figure 145. Behavior of injection well using modified-Hall plot for Well Y 
 
 
Figure 146. Behavior of injection well using modified-Hall plot for Well Z 
 
 
Figure 147. Behavior of injection well using modified-Hall plot for Well AA 
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Figure 148. Behavior of injection well using modified-Hall plot for Well AB 
 
 
Figure 149. Behavior of injection well using modified-Hall plot for Well AC 
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